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PREFACE

The initial "Hazard Summary Report - Experimental Breeder

Reactor-II (EBR-II)" was published as ANL-5719 in May, 1957. At the time
of preparation of ANL-5719 (early 1957), the design of the EBR-II Facility
was in progress - construction had not started. This Addendum is limited,
for the most part, to changes which have been made in the EBR-II Facility,
and to supporting experimental data developed, since the publication of
ANL-5 719.

The normal detailed design modifications which occur as the con-

struction design develops are not reported unless they relate to reactor and

plant safety. However, where the design bases or criteria have been changed,

they are described and the reasons for the changes are given. These too

are limited to areas related to reactor and plant safety, except ina few in-

stances, where additional information improves the understanding of plant

functions.

Minor revisions in the reactor system were also effected as a re-
sult of the Dry Critical Experimental Program. The nature of this program
and the experimental results are described in ANL-62991 and ANL-6462,2

respectively. Dry criticality was achieved on September 30, 1961. Informa -
a tion pertinent to proposed "wet" critical experiments or power operation

has been extracted from these reports and reproduced in this Addendum.

Emphasis is given to the first loading of the "wet" reactor, as con-
trasted to the normal or subsequent loadings, particularly with respect to
uncertainties relating to critical mass and reactor size. The early opera-
tional plans as well as the normal power operations are discussed briefly.

This Addendum follows the outline and format of ANL-5719 to the
maximum extent possible. Information contained in ANL-5719 is not re-
peated except where required to maintain continuity and for purposes of
clarity and emphasis. Section headings are reproduced and followed by a
simple statement of "no change" where appropriate to provide correlation
between both reports. Changes or additions to the text published in ANL-571 9
are implied, rather than stated, to avoid repeated reference to that report.
In some instances where specific references are made to text descriptions,
figures, and tables in ANL-5719, these references are enclosed in brack-
ets; for example: [Section III.A.1 .a.]: [Page 165]; [Fig .12, p. 126];[Table XI,
p. 89]. References to other than ANL-5719 are indicated by superscript
numerals in the text. These numerals correspond to publications listed in
the Bibliography.
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I. INTRODUCTION

The Experimental. Breeder Reactor-II (EBR-II) is an experimental
fast power reactor under construction at the National Reactor Testing Sta-
tion in Idaho. The Laboratory proposes to begin placing this plant into
operation during 1962, approximately on the schedule indicated at the end
of this section. The Laboratory also proposes to perform extensive pre-
operational tests and experiments (see Section IV.D.1. and 2.), and to place
the plant into operation in accordance with a comprehensive startup pro-
gram (see Section IV.D.3.).

The EBR-II complex (Fig. I) comprises an unmoderated, hetero-
geneous, sodium-cooled reactor and power plant with a power output of
62.5 megawatts (Mw) of heat. The power produced in the reactor is con-
verted to 20 Mw of electricity through a conventional steam cycle. The
reactor is fueled with U235 or plutonium, and the plant includes an integral,
remote-controlled, fuel-processing facility where the irradiated fuel ele-
ments are reprocessed, re-enriched, refabricated, and reassembled for
return to the reactor.

The EBR-II is primarily an engineering facility to determine the
feasibility of this type of reactor for central station power plant application.
Major emphasis has been placed on achieving high thermal performance at
high temperatures, and high fuel burnup with a fast and economical fuel-
processing system. The thermal performance of the reactor and the size
of the system components are amenable to direct extrapolation to central
station application. The plant has been designed to permit a maximum of
experimental operational flexibility by separation of the plant systems, and
yet permit extrapolation to a commercial plant which would not require the
same degree of separation.

The EBR-II is a high-performance reactor with a maximum power
density in the core in excess of 1200 kw/liter of core volume. Associated
with this high thermal performance are high heat fluxes and coolant tem-
peratures, and coolant velocities as high as approximately 24 fps. The
determination of reactor performance at these' operating conditions, and
the investigation of the effects of operating variables, are a significant
part of the experimental program.

The separations process employed results in the buildup of certain
fission products; operation of the EBR-II Facility will determine the effect
of buildup of these fission products within the fuel alloy as well as the
buildup of the higher isotopes of uranium and plutonium.

Although provisions are being made for subsequent loading of the
reactor with uranium-plutonium fuel, the descriptions and analyses pre-
sented in this report pertain only to an enriched uranium loading. The



uranium-plutonium alloy fuel element development program will continue,
including the probable use of EBR-II as an irradiation facility and for
engineering-scale, fuel processing and fabrication experiments. Systems
and kinetics analyses will be made similar•to those presented in this report
for the enriched uranium-fueled reactor. It is planned to publish these data
in a supplement to this report prior to operation of the reactor with a
uranium-plutonium fuel loading.

Argonne National Laboratory has been responsible for all aspects
of the design and development of the plant. Design, development, and con-
struction have been carried out concurrently, and it is expected that some
phases of operation and construction also will be performed concurrently.
The following chronology describes pertinent engineering, construction,
and operational events as they have occurred (or are expected to occur):

November, 1956

April, 1957

May, 1957

May, 1957

November, 1957

April, 1958

July, 1958

April, 1959

April, 1960

April, 1960

August, 1960

September, 1960

November, 1960

February, 1961

April, 1961

May, 1961

May, 1961

Award of A-E Contract - Start Title I Engineering

Title I Engineering Completed

Hazard SuMmary Report (ANL-5719) Completed

Start Title II Engineering

Start Construction of Containment Vessel

Start Construction of Laboratory and Service Building,
and Site Development

Start Construction of Power Plant and Reactor Plant

Start Construction of Sodium-Boiler Plant and Fuel
Cycle Facility

Start Fabrication of Initial Fuel Loading

Award Contract for Component Installation

Laboratory and Service Building Accepted

Start Component Installation in Power Plant and
Reactor Plant

Construction of Power Plant and Reactor Plant
Completed

Hazard Summary Report for Dry Critical Experimental
Program (ANL-6299) Completed

Fabrication of Initial Fuel Loading Completed

Component Installation in Reactor Plant Completed

Start Preparations for Dry Critical Experiments
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• c

June, 1961

September, 1961

November, 1961

December, 1961

March, 1962

April, 1962

June, 1962

July, 1962

July, 1962

July, 1962

August, 1962

October, 1962

December, 196Z

February, 1963

July, 1963

Start Component Installation in Sodium-Boiler Plant

Dry Criticality Achieved

Dry Critical Experiments Completed

Component Installation in Power Plant Completed

Start Component Installation in Fuel Cycle Facility

Elevated Temperature Test of Primary System
Completed

Addendum to Hazard Summary Report (ANL-5719)
Completed

Start Filling Primary Tank with Sodium

Construction of Sodium-Boiler Plant Completed

Fill Secondary System Storage Tank with Sodium

Construction of Fuel Cycle Facility Completed

Begin Approach to Critical and Wet Critical
Experiments

Begin Approach to Power

Component Installation in Fuel Cycle Facility
Completed

Start "Hot Operation" of Fuel Cycle Facility
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IL SUMMARY

All major features of the EBR-II concept as described in ANL-5719
have been incorporated in the plant as constructed. Minor changes occurred
as the construction design developed and a few rearrangements were made
to improve the design or plant operation. The basic features relating to
plant reliability and safety were retained or enhanced, including:

(1) The "submerged concept" for the reactor primary
system.

The reactor and primary coolant system, including.
pumps, heat exchanger, piping, etc., as well as the fuel-handling system
components, are contained in the large primary tank and operate submerged
in sodium. The design of the primary tank was improved by modifying the
beam structure arrangement in the tank bottom, and by installing roller-
type rather than pin-type hangers.

(2) Fission product decay heat removal under all conditions.

Natural circulation of sodium through the reactor
removes the decay heat and transfers it to the secondary system if it is
operational; if not operational, the heat is delivered to the bulk sodium in
the primary tank from which it is removed by the shutdown coolers. The
two shutdown coolers operate by natural convection and dissipate the heat
to the atmosphere (no power is required). Natural circulation is augmented
by a d-c electromagnetic auxiliary pump which is provided with a parallel
(floating) battery power supply. As a result, fission product decay cooling
is provided in the event of a complete and total power failure (including
emergency power).

(3) Reactor and primary system containment.

The Containment Vessel provided to contain a
nuclear incident, should it occur, has successfully passed two pressure
tests and two leak-rate testa. The measured leak rate was substantially
lower than that specified.

Changes were made in the design which enhance reliablity of opera-
tion. These include:

(1) Improved coolant flow control.

Rate-of-change control was added to the primary
pumps to limit the rate of change of pumping. rate. Also, mechanical-
centrifugal pumps were used in place of d-c electromagnetic pumps because
they have proven to be more reliable (at least in large sizes).
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(2) Additional method of reactor shutdown.

The safety rod control has been revised to include
a "manual scram" control during reactor operation. This is in addition to
the automatic and manual scram control during fuel handling.

(3) Increised reactor core size.

To preclude the possibility of the reactor becoming
critical with less than the basic 61 subassemblies (including control and
safety rods), a nominal core size of 67 subassemblies was established for
the first loading. The enrichment was established on the basis of this load-
ing with an estimated maximum variation of ± 6 subassemblies (61 to 73
subassemblies).

Reactor operation was reanalyzed on the basis of
the 67-subassembly nominal loading (as well as variations from the nominal
loading). The result is a decrease in the maximum power density and an in-
crease in total coolant flow.

(4) Reduction in subassembly and control rod bowing.

The total coolant flow through the reactor was in-
creased, resulting in smaller temperature differences available to cause
bowing. This further decreases the anticipated bowing effect which was
believed to be acceptably small due to the mechanical design and arrange-
ment of the subassemblies. The effect of bowing on control rod operation
was reduced by the addition of a "flow twister" in the rods. The "flow
twister" effectively rotates the coolant from the hot side to the cold side
of the rods.

(5) Separation of reactor operation and fuel cycle
operations.

The Disassembly Cell was removed from the
Reactor Plant and incorporated in the Fuel Cycle Facility. This provides
essentially independent operation of the two facilities, and reduces the
number and complexity of fuel-handling operations to be performed in the
Reactor Plant. It confines all fuel manufacturing and disassembly opera-
tions to the Fuel Cycle Facility.

(6) Improved administrative control.

Key switches have been added for control of sig-
nificant reactor and fuel-handling operations which enhance administrative
control of the Plant.
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Operation of certain plant systems and the completion of plant and
equipment has provided the opportunity to obtain the appropriate experience
and/or data to verify or improve predictions. These include:

(1) System neutronics.

The performance of the Dry Critical Experiments,
has verified the predicted nuclear characteristics of the reactor. These in-

clude critical mass, control, flux distributions, reactivity worths of the var-

ious subassemblies in different locations and the control and safety rods.

(2) Instrumentation and control.

The Dry Critical Experiments also provided a
check of the instrument response and safety circuits. In addition, the low-
level sensitivity was determined and the instrumentation arrangement

established for initial plant startup.

(3) Operation of control and fuel-handling systems.

System check-outs and the Dry Critical Experi-

ments provided an opportunity (as well as the necessity) to operate and test

the various components comprising these systems as integrated systems.
This entailed operation under many of the conditions of reactor operation
and enforced administrative procedures.

(4) Primary pump test results.

Both primary pumps have been tested with water.

The actual pump performance curves and pump control characteristics are
known.

(5) Fuel composition and variations.

The first loading for the reactor has been fabri-
cated. The actual enrichment and alloy composition are known.

(6) Sodium composition.

The sodium for the primary and secondary systems
has been manufactured (stored on site) and the composition analyzed.

The operational testing and system check-outs have provided verifi-
cation of the reliability of some of the more important components and sys-

tems.. Difficulties have been encountered, of course, and corrections and

improvements have been made.



7

The major systems remaining to be tested and operated are: the
primary sodium system, the shutdown cooling system, the secondary sodium
system, and the steam system. Other test-operations will include the con-
trol and fuel-handling systems in sodium, and the sodium and argon purifi-

cation and circulation systems. These will be tested and operated after

sodium filling and prior to reactor loading. Sufficient electrical heating
capacity is available to make these systems operational. (The turbine-
generator, feed water, and condensate systems have been operated on
175-psi plant heating steam including synchronizing the generator with the
138-kv NRTS distribution loop and delivery of approximately 800 kw to the

loop.)

All of the test operations are being performed by the EBR-II Oper-

ating Staff and are an essential part of their training.

Additional data were obtained on fuel and fuel element performance

which indicate that the operational objectives of 1% to 2% burnup probably

can be achieved at the anticipated EBR-II operating conditions (see Appen-
dix A). The most difficult variables to assess involve the relationship be-
tween fuel temperature and irradiation damage. It is well established that
irradiation damage increases as. the temperature increases (for a given
burnup); however, it is difficult to obtain reliable quantitative data because
of the difficulty in controlling and measuring these variables in experimental
irradiations. It is quite clear that there is no "threshold" temperature and,

therefore, there is no specific operational temperature "limit" for the
EBR-II fuel alloy, uranium-fissiurn. (as is generally assumed for unalloyed

uranium - approximately 1200°F). There could be a "practical temperature

limit" within the EBR-II operating range whereupon irradiation damage will
limit the fuel to impractically low burnup levels (below about 1% burnup).

The EBR-II will,be utilized to determine the correlation between
temperature and' irradiation damage to provide a basis for optimizing oper-
ating conditions. Analyses have been made of reactor operation at three-
fourths power(see Section IV.C.). The reactor will be operated at this power
level (see Section IV.D.3.) to permit assessment of fuel element performance
prior to operation at full power. These analyses (as well as. those at full
power) have been made with a smaller net application of uncertainty factors
(see Section IV.B.3.) which reflect lower estimated temperatures. For a
given operating condition, this results in a smaller estimated temperature
range (with and without uncertainty factors) to be applied in evaluating ir-
radiation damage.

The revisions and additions to the EBR-II are treated in detail in
this Addendum. The hazards considerations are summarized in Section V
and are essentially unchanged from ANL-5719. The following conclusions
are drawn in summary of these evaluations:

9



8

(1) Intrinsic protection of the reactor system from a
meltdown accident resulting either from loss of sodium or from loss of
heat removal capability is provided by the reliability of sodium containment
afforded by the primary tank, and by natural circulation of sodium through
the reactor (augmented by the auxiliary pump) together with natural convec-
tion heat dissipation by the shutdown coolers.

(2) Intrinsic protection of the reactor system from a load-
ing accident is provided by loading the reactor by substitution (minimum
void in the reactor), speed control and check points in the fuel-handling
sequence, and safety rods which are operational during fuel handling.

(3) A large number of errors and malfunctions in com-
bination must occur to cause a serious accident. Although these require-
ments make such an accident extremely improbable, it cannot be considered
impossible.

(4) Such an accident would be contained unless the energy
release is considerably larger than predicted on the basis of very pessi-
mistic assumptions, and the safety factors employed in the design of the
structural and containment systems fail to provide the expected capability.

(5) If the containment vessel is breached, the consequences
would be primarily local because of the isolated location of the plant. The
general public would not be seriously endangered.

The design, evaluation, and plant operation of the EBR-II reflects
the experimental nature and experimental objectives of this facility. Vari-
ous conditions of operation have been evaluated in this report to provide a
thorough description of the anticipated operating characteristics and per-
formance of this reactor and power system. The planned operational pro-
gram is designed to verify these predictions. The Laboratory proposes to
operate the reactor at full power (62.5 Mwt), preceded by the pre-operational
testing, the initial operational experiments, and the approach-to-power pro-
cedures as specified herein. Operation at full power is dependent upon ex-
perience obtained from the plant during these initial periods of operation
and confirmation of operational reliability. The planned approach-to-power
sequence may require considerable operating time and several months may
elapse between initial loading to critical and full-power operation. Power-
level-trip settings ranging from 104% to 110% of the desired power level
will be operational at all power levels (above 1% power level).

The period- and power-level-trip settings for reactor operation are
incorporated in two-out-of-three coincidence circuits to ensure continuity
of operation without sacrificing reliability or safety. If a single circuit
becomes inoperative, operation will be continued while corrective measures
are taken. This will result in a one-out-of-two•trip condition until the
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defective unit is restored. If a single channel gives evidence of malfunction
(but without initiating a trip signal - alarm) it will be disconnected from the
system for checking and correction as necessary. This also will result in

a one-out-of-two trip condition until the malfunctioning unit is corrected
(or replaced) and restored to the system.

The experimental character of the EBR-II is most evident with re-

spect to fuel element and assembly irradiation. Normal operation of the
Plant includes operation with recycled fuel in which certain fission products
and higher isotopes of the fissionable and fertile elements build up during
each cycle. One of the primary objectives of the EBR-II is to investigate
reactor operation with fuel recycled in this manner as well as to evaluate

fuel performance. The EBR-II will be an invaluable irradiation facility also

for experimental fuels, both for possible future EBR-II loadings and for

other reactor systems. In the design of the EBR-II reactor, particular

attention was given to the arrangement of the inner blanket to permit ex-

perimental irradiations in this region of the reactor. Maximum coolant
flow can be provided in this region of relatively low statistical worth.

A second major area of experimental investigation involves the deter-
mination of reactor operating characteristics. This includes the kinetics

characteristics such as determined by oscillator measurements, and static

characteristics such as flux distributions and breeding measurements. An
oscillator rod containing B1° has been designed to replace one of the twelve

standard control rods and drives. A static calibration of the rod was made

during the Dry Critical Experiments. The determination of flux distributions
and breeding characteristics will require .the irradiation and subsequent
measurement of foils, wires, samples, etc. These will be inserted in sub-
assemblies and handled in the conventional manner, subject to all of the
fuel-handling controls, etc. (The EBR-II is not designed to accommodate the
insertion and removal of small individual samples or devices. The sub-
assembly is the smallest unit which can be inserted or removed from the
reactor.) After the breeding data have been obtained, sections of the blanket,.
may be replaced with reflector material (such as stainless steel) since the 's
EBR-II blanket was made intentionally thick to obtain plutonium production
distributions, but is too thick for optimum economy of operation. The upper
and lower blanket and the outer regions of the outer blanket are the most
probable regions for replacement.

Another general area of investigation involves the EBR-II non-
nuclear performance characteristics. These may be generally defined as
the system operational characteristics under normal and abnormal conditions.
To determine this information may require the intentional temporary re-
moval of specific operational features; for example, the determination of
the thermal convection characteristics of the reactor without forced convec-

tion from the main primary pumps and the auxiliary pump. The system is

designed to continue operation of the main pumps and auxiliary pump in the
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event of a reactor scram, and the auxiliary pump in the event of complete
power failure (including emergency power). To determine the character-
istics of the system upon shutdown will require electrical disconnect of the
auxiliary pump (which is normally interlocked ;,-) prevent reactor startup)
and to administratively permit shutoff of the main primary pumps simulta-
neous with reactor, scram. This type of investigation must be performed
under strict administrative control in order that system performance can
be determined under these conditions and can be assessed with respect to
possible unintentional failure of these devices. This type of investigation
will, of course, be conducted in steps beginning at operating conditions

where the results can be predicted with confidence and where the conse-
quences are completely acceptable.

The operational management of the EBR-II also reflects the char-

acter and operational objectives of this facility. The operating organization

will consist of three functional levels of organization: Managerial, Super-

visory, and Operational. The Operations Manager will be responsible for
the program and the safe operation of the reactor and associated systems.
He will have complete authority and responsibility within the limits estab-
lished by the Hazards Summary Report and Addendum, the Operating
Manual, and other applicable documents. He will be appointed by and directly

responsible.to the Division Director. In the absence of the Operations Man-

ager, an Acting Operations Manager may be appointed by the Division Direc-
tor (or in his absence, by the Acting Division Director).

An Assistant Operations Manager will act for the Operations Manager
when specifically instructed by the latter. He may not assume the responsi-
bilities of the Operations Manager without authorization of the Division
Director.

The Supervisory level for each shift will consist of one Shift Super-
visor and one Foreman. The Shift Supervisor will have direct responsibility
for the safe operation of the reactor and associated systems for his shift.
He will direct the operation of the facility for his shift. ?He will comply with
standard operating procedures and may not deviate from them of his own
volition except to take the necessary action to safeguard the facility in an
emergency. The Shift Supervisor will be responsible to the Operations
Manager.

The Foreman will have the responsibility for performing routine
supervision of the shift personnel and to assure that procedures are properly
followed for each shift. He will supervise routine operation of the reactor
but will not be permitted to start up the reactor or to perform any functions
not regarded as routine. He will perform other duties as delegated by the
Shift Supervisor and will be responsible to the Shift Supervisor.
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The Operational level will consist of qualified and authorized oper-
ators. Only authorized reactor operators will perform actual operation of
the reactor controls. Operators in training who may be required to perform
such operations will do so under the direct supervision of an authorized
operator and with the approval of the Operations Manager. Only operators
previously qualified will be assigned the responsibility of operating other
plant systems. Qualification of reactor operators and supervisors will be
by the Operations Manager and authorization will be by the Division
Director. A member of the operating organization 'of higher level of respon-
sibility and who is also an authorized operator may act in this capacity.

The Operating Organization for this reactor has been planned for a
three-shift operation, seven days a week. Instructions may be forwarded
from Shift Supervisor to Shift Supervisor within prescribed limits author-
ized by the Operations Manager or the Acting Operations Manager.

Any departure from standard operating procedures for special ex-
periments will be reviewed in advance by the Operations Manager and
approved by the. Division Director. The proposal for experiments will con-
tain complete details of the experiment and a discussion of any hazards that
might be involved. The Operations Manager will review the proposal and,

• if he deems it safe and feasible, will endorse the request and submit it to
the Division Director for approval.

During reactor operation, at least two authorized reactor operators
will be stationed in the control room. In an emergency, one may leave the
control room for a short time to investigate the abnormality.

A single•set of operational keys will be available to the Shift Super-
visors. These will be transferred from shift to shift in the prescribed
manner; control of these keys will be the responsibility of the Shift Super-
visor on duty.

Special operations, such as those permitted by the use of special
keys, will be under the control of the Operations Manager and will be per-
formed in accordance with his specific operating instructions.

For convenient reference, the major design and operating features
of the EBR-II plant are summarized in Table I. Where changes have oc-
curred, the earlier data are shown in brackets. (Many of the changes result
from the use of a 67- rather than a 61-subassembly core as the basis for
the first loading.)
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Table I

SUMMARY OF EBR-II DESIGN AND OPERATING DATA

General

Heat Output, Mw
Gross Electrical Output, Mw
Primary Sodium Temperature. to reactor, °F

62.5
20
700

Primary Sodium Temperature, from reactor, ° F 883 [900]
Primary Sodium Flow Rate, through reactor, gpm 9,000 [8,200]
Primary Sodium Maximum Velocity, in core, fps 23.8 [26]
Primary System Sodium Capacity, gal 89,000 [86,000]
Secondary Sodium Temperature, to heat exchanger, ° F 588 [610]
Secondary Sodium Temperature, from heat exchanger, °F 866 [880)
Secondary Sodium Flow Rate, gpm 5,890 [6,050]
Steam Generator
Output, lb/hr 250,000 [248,000]
Steam Temperature, ° F 837 [850]
Steam Pressure, paig 1,300 [1,250]
Feed-water Temperature, °F 550

Turbine Throttle Conditions
Steam Flow, lb/hr 195,300 [198,000]
Steam Temperature, °F 837 [850]
Steam Pressure, psig 1,250

Reactor Data (67-Subassembly Core)
Core Dimensions
Equivalent Diameter, in. 19.94 [19.04]
Height, in. 14.22
Total Volume. liter 72.79 [66.3]

Upper and Lower Blanket Dimensions
Equivalent Diameter, in. 19.94 [19.04]
Length (each end). in. 18.0

Inner Blanket Dimensions
Equivalent O.D., in. 27.46
Length, in. 55.0
Radial Thickness, in'. 3.76 [4.21]

Outer Blanket Dimensions
Equivalent O.D., in. 61.5
Length, in. 55.0
Radial Thickness, in. 17.02

Core Composition
Fuel Alloy. vol-S 31.8
Stainless Steel (Type 304), vol.-% 19.5
Sodium, vol-S 48.7

Control and Safety Rod Composition (Fuel Section)
Fuel Alloy, vol-% 21.3
Stainless Steel (Type 304), vol-% 21.5 [20.8]
Sodium. vol-S 57.2 [57.9]

Upper and Lower Blanket Composition
Uranium (depleted). vol-S 30.3 [32]
Stainless Steel (Type 304), vol-% 18.5 [20.4]
Sodium, vol-% 51.2 [47.6]

Inner Blanket Composition
Uranium, vol-S 60.0
Stainless Steel (Type 304). vol-% 19.6 (17.6]
Sodium, vol-% 20.4 [22.4]

Outer Blanket Composition
Uranium (depleted), vol-S 60.0
Stainless Steel (Type 304), vol-% 20.9 [17.6]
Sodium, vol-% 19.1 [22.4]



13

.<1

d,

4

•

Table I (Cont'd.)

SUMMARY OF EBR-II DESIGN AND OPERATING DATA

Reactor Data (cont'd.)

Subassemblies
Core 53 [47]

Control (Rod and Thimble) 12

Safety (Rod and Thimble) 2

Inner Blanket 60 [66]

Outer Blanket 510

Total 637

Configuration Hexagonal

Dimension Across Flats, in. 2.290

Hexagonal Tube Thickness, in. 0.040

Structural Material 304 SST

Lattice Spacing (Pitch), in. 2.320

Clearance Between Subassemblies, in. 0.030

Fuel Elements (Pin-Type, Sodium Bonded)

Fuel Pin Diameter, in. 0.144

Fuel Pin Length, in. 14.22

Fuel Tube O.D., in. 0.174

Fuel Tube Wall Thickness, in. 0.009

Thickness Sodium Bond Annulus, in. 0.006

Elements per Subassembly 91

Upper and Lower Blanket Elements (Pin-Type, Soclium Bonded)

Blanket Pin Diameter, in. 0.3165

Blanket Pin Length (total), in. 18.0

Blanket Tube, O.D., in. 0.376

Blanket Tube Wall Thickness, in. 0.022
Thickness Sodium Bond Annulus, in. 0.008
Blanket Elements per Subassembly (each end) 18 [19]

Control and Safety Rods
Configuration Hexagonal

Dimension Across Flats, in. 1.908
Fuel Elements Same as Core Subassembly

Fuel Elements per Rod 61

Inner and Outer Blanket Elements (Pin-Type. Sodium Bonded)
Blanket Pin Diameter, in. 0.433
Blanket Pin Length (total), in. 55.0
Blanket Tube O.D., in. 0.493
Blanket Tube Wall Thickness. in. 0.018
Thickness Sodium Bond.Annulus, in. 0.012
Blanket Elements per Subassembly 19

Fuel Alloy (Enriched Uranium-Fissium)
Total Core Loading, kg 385 ' [363]
Uz" Enrichment, at-% 48.4 [49]
Critical Mass - 1.1a" (clean. full power), kg 172 [170]
Total Miss of Ung in core, kg 176

Fuel Alloy Composition (Fissium)
Uranium. wt-% 95.0
Zirconium, wt-% 0.06 (0.2]
Molybdenum, wt-% 2.48 [2.5]
Ruthenium, wt-% 1.97 [1.5]
Rhodium, wt-% 0.29 [0.3]
Palladium, wt-% 0.19 [0.5]

Niobium, wt-% 0.01 [Not given]

Fertile Blanket Material (depleted uranium)
Total Blanket Loading. kg 28,100
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Table I (Cont'd.)

SUMMARY OF EBR-II DESIGN AND OPERATING DATA

Nuclear Data 
Total Fissions per cc/sec at Center of Core
Neutron Energy Distribution at Center of Core
Flux above 1.35 Mev, n/(cm5)(sec)
Flux below 1.35 Mev, n/(cmz)(sec)
Total Neutron Flux, n/(cmz)(sec)

Prompt Neutron Lifetime, sec
Reactor Control 
Full-Flow Power Coefficients
0-62.5 Mw (no bowing), (A k/k)/Mw
0-25 Mw (with bowing), (tk/k)/Mw
25-34 Mw (with bowing), (Pk/ikyMw
34-62.5 Mw (with bowing), (A k)/Mw

Doppler Effect - Average, (Ak/k)/eC
Isothermal Temperature Coefficient, (Ak/k)/°C
Total Reactivity Worth
12 Normal Control Rods, ak/k
2 Safety Rods, Ak/k

Control Rod
Total
Operating Drive (each rod)
Velocity, in./min
Total Movement, in.
Scram Drive

Safety Rod
Total
Operating Drive
Velocity, in./min
Total Movement, in.
Scram Drive

Long-term Reactivity Effects (from Clean to 2% Burnup)
Burnup of Um in Core, Ak/k
Buildup of Plutonium in Core, Ak/k
Buildup of Plutonium in Blanket, Ak/k
Buildup of Fission Products, Ak/k
Irradiation Growth of Fuel (4% growth). Ak/k

Heat Transfer 
Heat Generation in Reactor
Core, Control. and Safety Subassemblies, Mw
Upper and Lower Blanket, Mw
Inner Blanket, Mw
Outer Blanket, Mw
Neutron Shield, Mw

Heat Generation in Core
Radial Maximum-to-Average Power Density
at Reactor Center Plane

Axial Maximum-to-Average Power Density
at Reactor Centerline

Power Density, Average, Mw/liter
Power Density, Maximum, Mw/liter
Power Density, Maximum to Average
Specific Power, Mw/kg
Fuel Elements, Surface Area, fta
Control Elements. Surface Area (in active sone), fe
Safety Elements, Surface Area, ft=
Total Surface Area, ft=
Maximum Heat Flux, Btu/(hr)(fta)
Average Heat Flux, Btu,Ahr)(fta)

3.7 x 1013

0.69 x 10'5
2.86 x 1015
3.55 x 1015
8 x 10"

-3.5 x 10-5
-3.5 x 10"
+1.0 x 10"
-4.0 x 10"
< +0.04 x 10"
-3.6 x 10"

0.048
0.013

12
Rack and pinion
5
14.0
Pneumatic

2
Rack and pinion
2.0
14.0
Gravity

-0.02
+0.002
+0.0072
-0.002
-0.011

53.5
1.5
6.1
1.4
0.03

1.46

1.15
0.735
1.23
1.67
0.311
260
32.4
6.6
299
929.000
619,000

(4.4 x 1013]

[0.8 x 1015]
[2.9 x 1015]
[3.7 x 1015]

See page 8
for original
ranges and
values.

[1.0.04 x i0-sr

[0.06]
[0.015-0.020]

[53.3]
[1.2]
[5.2]
(2.6]
[0.2]

[1.33]

[1.17]

[0.89]
[1.37]
[1.53]
[0.314]
[231)

[270]
[1,030,000
[680,000]
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III. DESCRIPTION OF EBR-II FACILITY

The EBR-II Facility as described in ANL-5719 featured four basic
systems housed in five plants, and miscellaneous supporting facilities:

(1) The Primary System: the reactor and associated
equipment, and the primary sodium cooling system.

(2) The Secondary System: the intermediate sodium heat
transfer system.

(3) The Steam System: the steam-electric system.

(4) The Fuel Process System: the system for disas-
sembly, decontamination, fabrication, and assembly of fuel elements and
subassemblies.

These same systems are now housed in four plants and miscella-
neous supporting facilities as shown in Fig. 2. The reduction in the number
of plants was effected by combining the Sodium Plant and the Boiler Plant
into a single facility identified as the Sodium-Boiler Plant. This rearrange-
ment has simplified design and control of the secondary and steam systems.

The arrangement of systems and components within the respective
plants is as follows:

The Reactor Plant houses the reactor system, the primary sodium
cooling system, and supporting facilities for these systems. The Disas-
sembly Cell has been removed from the Reactor Plant and incorporated
into the Fuel Cycle Facility. The building is a cylindrical gastight shell
constructed of steel plate (1. in. thick), and designed to withstand an internal
pressure of 24 psi.. Air locks and service connections also meet this rating.

The Power Plant  houses the turbine-generator and associated equip-
ment, the control room for the reactor and power system, and personnel
facilities for the reactor and power system operating staff. The building is
of conventional construction.

The Sodium-Boiler Plant contains the entire secondary sodium sys-
tem (including the steam generator), except for the piping to the Reactor
Plant and the sodium-to-sodium heat exchanger which is installed in the
primary tank. It also houses a receiving station for sodium. .(The sodium
is delivered to the site in tank cars.) The building is comprised of two
wings - the sodium wing and the boiler wing separated by a reinforced
concrete wall (18 in. thick). The openings in the wall are limited to pene-
trations for piping and electrical interconnections between the components
in the respective wings.
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The sodium wing contains the pumping, purification, and storage
facilities for the secondary system sodium, and includes the sodium receiv-
ing station. The 'sodium wing is a single-story structure of fireproof
construction.

The boiler wing contains the 6,500-gpm, a-c linear induction elec-
tromagnetic sodium pump; the sodium surge tank; the steam generator
(evaporators, superheaters, and steam drum); and associated steam and
feed-water piping. The boiler wing is a multi-story, reinforced-concrete
structure with no windows in the wall facing the Reactor Plant, and a cor-
rugated plastic "blow-out panel" in a wall facing away from the Reactor.
Plant. The "blow-out panel" is designed to release at a pressure of
30 lb/ftz inside the building. The concrete building walls have been de-
signed for an internal pressure of 40 lb/ftz. Considering the normal
safety factors used in the design of reinforced concrete structures, the
rupture strength of the building is many times greater than the "blow-out
panel" release pressure.

The Sodium-Boiler Plant is somewhat isolated, with sodium lines
linking it to the Reactor Plant (75 ft distant from the nearest point of the
Sodium-Boiler Plant), and steam and condensate lines- linking it with the
Power Plant (-200 ft distant).. The building contains only the minimum
facilities for operation and, normally, will not be occupied continuously by
operating personnel.

The Fuel Cycle Facility (formerly designated the Process Plant)
contains two shielded cells for disassembly, processing, fabrication, and
assembly of fuel elements and subassemblies, and supporting facilities for
these operations. It also contains the inert-gas storage facilities, the
sodium equipment cleanup cell, and exhaust ventilation system and stack for
the exhaust from the Fuel Cycle Facility, Reactor Plant, and Laboratory and
Service Building. The building is of conventional construction.

The EBR-II power system is comprised of the primary, secondary,
• and steam systems. The heat prodticed in the reactor is removed and

transferred by the primary system.to the secondary system in the heat ex-
changer. From the secondary system, the heat is transferredin the steam
generator to produce superheated steam which is delivered to a conventional
condensing turbine. The flow diagram of the power system [Fig. 1] has
been revised slightly and is shown in Fig. 3.

A. The Primary System 

The Primary System (Fig. 4) is housed in the Reactor Plant (Fig. 5),
and includes the following:
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Reactor

Primary Cooling System
Shutdown Cooling System
Neutron Shield
Counters, Chambers, and Instrument Thimbles
Control and Safety Drive Systems
Fuel-Handling System
Primary Tank and Biological Shield
Fuel Unloading and Interbiiilding Transfer

Primary Sodium Purification System
Argon Blanket Gas System

The Disassembly Cell has been removed from the Reactor Plant and incor-
porated in the Fuel Cycle Facility. Other modifications and improvements
in the primary system are described in the following subsections.

1. Reactor

a. Reactor Arrangement

The nominal core size has been increased by adding six
core-type subassemblies in the sixth row (one near the center of each flat).
This has been done to preclude criticality with a core of smaller size than
initially contemplated [Section should the critical mass prove to
have been overestimated.. Fuel enrichment for the first loading has been
based upon the new nominal core size and is expected to produce criticality
at this size, ±6 subassemblies. The sixth row, core-type subassemblies
will be loaded into the reactor in the sequence indicated in Fig. 6 (to promote
symmetry and to minimize inner blanket temperatures).

Numerical distribution of the various types of subassemblies
within the reactor is shown below, with the original configuration included
for comparison.

Section
[III.A.

Nominal First
Subassembly Type 1. a.] Loading Loading

Core 47 53 53 ± 6
Safety 2 2 2
Control 12 12 12
Inner Blanket *66 *60 *60 :i. 6
Outer Blanket 510 510 510

Total 637 637 637

*Includes one neutron source subassembly.

Unless otherwise noted, all analytical results described herein are based
upon the nominal loading: The term "67-subassembly core" is frequently
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used to refer to this loading (meaning 53 core, 2 safety, and 12 control-
type subassemblies in the core).

a. Subassemblies (General) 

The most significant dimensions of the various subassembly

types have not changed. Minor modifications to certain types (described

later) have resulted in minor changes in their compositions. The composi-

tion of each type of subassembly is listed inTable II. Values which differ

from those originally reported [Table II, p. 15] are identified with an

asterisk.

Table II

SUBASSEMBLY COMPOSITION
(in, vol-%)

Subassembly Type Fuel Alloy Uranium Steel Sodium

Core - Fuel Section 31.8 0 19.5 48.7

Core - Blanket Sections 0 *30.3 *18.5 *51.2

Control and Safety - Fuel Section' 21.3 0 *21.5 *57.2

Inner Blanket 0 60.0 *19.6 *20.4

Outer Blanket 0 60.0 *20.9 *19.1

c. Core Subassembly 

Each core subassembly (Fig. 7) is comprised of three "active"
sections: upper blanket, core, and lower blanket. The core section contains
ninety-one (91) fuel elements. The blanket sections each contain eighteen (18)
blanket elements.

The fuel elements (Fig. 8) are unchanged except for the
design of the cap. The slotted tube design has been replaced by a column
design which is more easily fabricated and provides adequate column strength.
The gap between the end of the fuel and the end of the cap remains unchanged.

The upper and lower blanket sections previously contained a
cluster of nineteen. (19) blanket elements. The central element has been re-
moved and replaced with a steel tie rod that interconnects the upper and lower
blanket support grids (see insert, Fig. 7).. This method of connecting the sup-
port grids in the blanket sections: (1) eliminates the contemplated flat plate
strips at the corners of the hexagonal cluster; (2) provides a sturdier struc-
ture; and (3) is more amenable to disassembly. The reduction in breeding
gain (due to the small reduction in fertile material) is insignificant.

The lower adapter of the core subassembly (Fig. 7) has been
revised to employ a series, of holes, rather than slots, through which the
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coolant enters the subassembly from the high-pressure inlet coolant ple-
num. The hole arrangement provides a more simple, flexible, and re-
producible coolant orificing system. The flow system and orificing
arrangement are described later.

d. Inner Blanket Subassembly

This subassembly (Fig. 9) has been altered in two ways.
First, holes are used instead of slots in the lower adapter. As in the case
of the core subassembly, the holes provide an improved and more flexible
flow orificing system. Second, flow distribution strips have been inserted
into the twelve, comparatively large, peripheral coolant flow channels to
improve flow distribution within the subassembly (see Fig. 10).

e. Outer Blanket Subassembly

This subassembly (Fig. 9) also has been altered in two
Ways; i.e., the coolant flow orificing arrangement in the lower adapter was
modified and flow distribution strips were inserted in the twelve peripheral
flow channels (see Fig. 10).

Because these flow strips are relatively large, the asso-
ciated flow channels are smaller than those in the interior of the sub-
assembly and may increase the possibility of plugging during operation.
Due to the low ,power densities in the outer blanket, however, extensive
plugging could be tolerated without damage to the blanket elements.

f. Control Subassembly

The detailed design of the control subassembly was de-
veloped as described [Section ILI.A.I.f., p. 17]. Coolant. inlet holes, instead
of slots, are used in the lower adapter of the control rods to effect improved
flow control (Fig. 11). The hole sizes and location are based primarily on
maximum flow requirements. The flow variation with control rod position
was determined experimentally. The results (Appendix C) indicate a flow
reduction of approximately 35% with the control rod down (out of the core).

A "flow twister" has been installed in the void section im-
mediately above the core section of each control subassembly (Fig. 11).
The purpose of this device is to reduce the temperature differentials in the
control rod hexagonal can and, therefore, to minimize bowing of the control
rod within its thimble. Upon leaving the core section, the hotter coolant
flowing along the inside surface of the control rod (the surface facing the
center of the reactor) will be "rotated" approximately 180° to the opposite
surface. Thus, exposure of the opposite. surface to the higher-temperature
sodium will tend to reverse any bowing of the rod. The "flow twister" does
not introduce any significant pressure drop in the coolant flow.
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g. Safety Subassembly

The safety subassembly (Fig. 12) is unchanged except for
the 'Ise of coolant flow orifice holes, instead of slots, in the lower adapter.
The "flow twister" is not used because of the very small temperature gra-
dient across these rods.

h. . Reactor Vessel Assembly

The reactor vessel assembly (Fig. 13) consists of the re-
actor vessel, the grid plenum assembly, and the top cover.

(1) Reactor Vessel 

The reactor vessel has been enlarged to a con-
stant diameter extending from upper plenum to the grid assembly. This
change has eliminated discontinuities in the vicinity of the coolant outlet
plenum [Fig. 15]. These discontinuities gave rise to stress concentrations
and complicated the design of thermal baffles and other thermal protective
devices.

The increase in vessel diameter resulted in an
increase in the width of annulus between the outer blanket and the vessel
wall. This annulus has been filled with graphite-containing shielding cans
(inner radial neutron shield); and'a second liner (retaining shell) to sep-
arate these cans from the outer blanket. In a portion of the annulus, the
shielding cans are filled with sodium, instead of graphite, to aid nuclear
instrument response.

Minor revisions have been made in the detailed
design of the thermal baffling system and the thermal insulation system.
These are also indicated in Fig. 13.

(2) Grid-Plenum Assembly

A pictorial of the reactor vessel grid plenum as-
sembly is shown in Fig. 14.. Certain detail dimensions have been finalized
and modified slightly as indicated in Fig. 15. The arrangement of sub-
assembly engagement diameters in the grid (largest in the core, interme-
diate in the inner blanket, and smallest in the outer blanket) is retained, as
is the stepped lower plate for flow orificing. As stated earlier, coolant
inlet holes, instead of slots, are now provided in the subassembly adapters.

The arrangement of the holes in the subassembly
lower adapters provides positivevariable orificing from row to row in ,the
core and inner blanket. The proportional flow in each hole can be altered
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in the future by revising the hole diameters in the appropriate rows of
holes. The orificing, therefore, carr be altered even though the stepped
lower plate is• a permanent installation.

(3) Reactor Vessel Cover

The reactor vessel cover is unchanged except for
construction details; i.e., final configuration of the thermal baffles, etc.
In addition, the locations of the thermocouples which measure coolant out-
let temperature from selected subassemblies have been established(Fig. 16).

2. Primary Cooling System 

The arrangement of the primary coolant system components
is essentially unchanged. The d-c electromagnetic primary coolant pumps
[Fig. 17] have been replaced with vertical-mounted, single-stage,
centrifugal-type mechanical pumps (Fig. 17).

Although reliability is a prime requisite for the EBR-II pumps,
some of the other major requirements are: (1) the pump motor and top
shield plug flange, assembly must be completely gastight to prevent leakage
of the primary system blanket inert gas; (2) a six and one-half foot (over-
all length) radiation shield plug must exist between. the pump and the drive
motor to conform to the top biological shield of the primary system; (3) the
pump shaft must extend through the shielding and inert-gas blanket areas,
and into the sodium for proper impeller submergence; (4) the sodium
"hydraulic" bearing must not require any external sodium source or
auxiliary external equipment; and (5) the pump speed should be controllable
from about 20% to 100% speed with specified rates of acceleration and
deceleration.

These pumps are driven by variable-speed motors powered by
a motor-generator set providing variable voltage and frequency. The direct-
coupled pump drives are special, totally enclosed, gastight, 480-volt, a-c
motors. Labyrinth-type shaft seals are employed to minimize diffusion of
sodium vapor into the motor enclosure.

The maximum capacity of each pump is 5,000 gpm at 85 psig;
the EBR-II flow requirement per pump at full power is approximately
4,670 gpm at 54 psig.

The radiation shielding installed in the shield plug structure
consists of field-placed carbon steel balls 33 in. in depth, followed by 8 in.
of insulation, and 34 in. of field-placed high-density concrete. The center
portion of this shield plug and the pump shaft are stepped to reduce radia-
tion streaming along the vertical shaft.
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The pump shaft in thc 350-hp pump motor has a maximum diam- 410
eter of 5.5 in. and is hollow to accommodate the draw bolt for the coupling im-

mediately below the motor. The center distance between the upper ball thrust

and radial bearing and the lower radial roller bearing is 4 ft - 2.5 in. The

pump shaft connects at the top of the shieldplug to the motor shaft, projects down-

ward through the shield plug, then through the spacing baffle assembly, and
into the puMp case, where it is located radially by a hydrostatic bearing.
The pump impeller is overhung on the shaft immediately below this bearing.
The center distance between bearings on the pump shaft portion is 10 ft -

8.75 in. and the maximum shaft diameter is 9.5 in. This large diameter was

selected to insure that no vibrational instabilities will occur. The pump
shafts were precisely balanced. Sodium is fed to the bearing from the im-

peller discharge. The hydrostatic pressures in the bearing shell act to
center the bearing journal within the bearing clearance provided. Pads with-
in the hydrostatic bearing pockets provide an additional hydraulic centering
action; this is desirable at startup when the available pressures are insuf-
ficient for good hydrostatic bearing action. The bearing surfaces are hard
faced with Colmonoy to minimize wear 'and galling.

The_centrifugal-type pump was selected in preference to the d-c
electromagnetic pump because of the very favorable performance of the
5,000-gpm centrifugal pump during long-term loop tests (Appendix B). The
success of the centrifugal pump can be attributed largely to the development
of the hydraulic bearing which resolved the most difficult problem peculiar
to rotating-type pumps for sodium.

In contrast with the successful development of the centrifugal
pump, considerable difficulty has been encountered with large d-c electro-
magnetic pumps. Extrapolation from experience with 500-gpm to 1,000-gpm
units, to larger sizes, introduced new and difficult problems. The power
source is more complicated because of the extremely high currents and low
voltages.

At the present time, large-sized centrifugal pumps are more
reliable, more efficient, and more economical than d-c electromagnetic
pumps. However, the EBR-II primary system has been arranged to facili-
tate experimentation with electromagnetic pumps at a later date.

Other feat‘ires of the primary cooling system remain unchanged.

3. Shutdown Cooling System

The shutdown cooling system is unchanged.
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4. Neutron Shield

The basic composition of the neutron shield remains unchanged;
however, revisions have been made in the shield configuration. These re-
visions are described below. The shield was mocked-up on ZPR-III, and ex-
perimental results are included in Appendix E.

4

a. Radial Shield

As described earlier (Section III.A.1.h.), part of the radial
shield cans are now positioned within the reactor vessel. As shown in
Figs. 6 and 13, retainers and liners have been added which provide positive
positioning of the shield cans and enhance the natural convection cooling of
the shield. In addition to the special cans surrounding the coolant inlet and
outlet pipes, specially shaped cans are installed around the "J" instrument
thimbles(which now terminate in the neutron shield).

b. Bottom Shield

The canned borated graphite shield originally contemplated
for use below the reactor vessel has been deleted. Detailed analyses indi-
cated that the heat generation in the structure below the reactor was not
critical and that a less elaborate shielding arrangement could be used.

Borated stainless steel plates are now located between the
vertical webs of the beams on the bottom of the primary tank. This arrange-
ment provides adequate shielding and significant simplification of the struc-
ture below the reactor vessel. It also removes the moderator (graphite)
from below the reactor vessel, which could be of significance in the very
unlikely event of a major meltdown with fuel reaching this zone.

c. Top Shield

The neutron shielding in the reactor vessel cover is basi—
cally unchanged.

d. Fabrication of Canned Graphite Shielding

The neutron shield is comprised of both non-borated and
borated graphite sealed in stainless steel cans. The non-borated graphite
consists of reactor-grade graphite from the dismantled.CP-2 reactor.
The borated graphite was produced to AGSR specifications with 3 wt-% B4C
added. All graphite pieces were machined to size prior to loading into the
cans. Two canning procedures were employed: one for the standard cans
(4 in. square cross section of various lengths), and the other for special
cans (the various odd-shaped cans to fit the odd geometries created by
instrument thimbles, pipes, etc., penetrating the neutron shield).

O
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The cans were designed for internal pressure of 50 psig.
Accordingly, the standard cans feature a wall thickness Of 0.109 in.
(12 ga.), and end plates 0.5 in. thick. Pressure tests of fabricated cans
revealed that at 50 psig internal pressure the stresses were lower than the
allowable stress - by strain gauge measurement, and at an internal pres-
sure of 300 psig the cans bulged but did not burst. A side wall thickness of
0.25 in. was established for the large special cans. A maximum unsupported
span of about 9 in. was achieved by tack-welding 12 ga. thick partitions,
where necessary, to limit bending stresses to the allowable value. The top
and bottom heads of these cans were also fabricated of 0.5 in. thick plate.

The standard cans were filled as follows:

(1) Outgas graphite in vacuum furnace at 1300ei and
400 micron pressure for 1 hr; cool to about 200°F in 4 hr (under vacuum).

(2) Break furnace vacuum with argon.

(3) Remove graphite and load directly into can (maximum
exposure to air: 0.5 hr).

(4) Close can and make final weld (leaving vent tube open);
evacuate can to 400 microns and hold for 1 hr.

(5) Pressurize can with helium to 5 psig make temporary
seal weld at end of vent tube.

(6) Helium leak test can.

(7) Heat can asseitibly to 1000°F and hold for 8 hr.
•

(8) Helium lealc test can, assuming helium pressure was
not lost during Step (7).

(9) CIA off .temporary vent tube seal, checking for out-
ward

,
 flow of helium by, sound and feel toa.ssure.that helium pressure was

not lost during Step (7). • •

(10) Evacuate Clan. to 154Y-200 mm Hit. (helium).

(11) Make two ,permanent .seal welds on vent tubi; helium
leak test each weld. , .• •

The speCial cans were loaded and; welded prior to outgas-
sing. They were outgassed by mexiifolding thiir open vent tubes to a
vacuum pump and holding in a furnace at 1000°F and .400-micron pre-seure•
for at least 8 hr (normally 16 hr overnight). After cooling, the cans.Were 
pressurized to 5 psig with helium and leak tested. Subsequently, the ..•
special cans were evacuated and sealed as in Steps (10) and (I1).
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5. Counters, Chambers, and Instrument Thimbles

a. Counters and Chambers

(1) General

Three fission counters and eight compensated ion
chambers comprise the detectors for the nuclear instrument channels. For
reliable operation, the temperatures of counters and chambers are main-
tained below 140°F.

AdescriptiOn of the nuclear instrument channels is
given in Section IV..A.2..c.

(2) Counters

Three U235-enriched fission counters are em-
ployed to detect neutrons in the startup range of operation instead of the
two counters originally contemplated. The counters are positioned in !'J"
thimbles located in the radial neutron shield (Fig. 18).

(3) Chambers

All eight compensated ion chambers are now
located adjacent to (or in) the radial neutron shield. The two chambers
originally located in the biological shield cooling annulus are now located
in "0" thimbles (Fig. 18).

The gamma shielding originally contemplated
around the detectors (to increase effective chamber neutron sensitivities),
has been determined to be unnecessary and has been eliminated.

b. Instrument Thimbles

The general arrangement of the nuclear instrument thimbles

and their associated fission counters and ion chambers is shown in Fig. 18.
Eight thimbles are provided (the three thimbles originally located in the
biological shield cooling annulus have been eliminated). Four "J" thimbles
are now imbedded in the radial graphite neutron shield outside of the re=
actor vessel, and four "0" thimbles are located immediately adjacent to the
neutron shield.

c. Instrument Thiinble Cooling System

Thimble cooling is accomplished by drawing room air
through the thimbles. The air-cooling system was chosen in preference to
the original closed, helium-cooling system because it: (1) reduced the
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complexity of the system; (2) increased its reliability; and (3) minimized
leak-integrity requirements. The system is non-recirculating; the exhaust 11
air is combined with the biological shield cooling air and discharged through

the 200-foot stack.

Two full-capacity blowers are available; one is on standby.

A dual exhaust manifold is provided: one branch services thimbles J-2,

J-3, 0-1, and 0-2, designated Bank (A); and the other branch services

thimbles J-1, J-2, 0-3, and 0-4, designated Bank (B). A thermoCouple is

located on each neutron detector mounting. Any two thermocouple trips

(temperature above 125°F) in either bank of four thimbles will scram the

reactor.

For maximum reliability, the standby blower system is

provided with automatic switch-over and a 100-kw auxiliary diesel genera-

tor power supply. This is in addition to the 400-kw plant auxiliary diesel

generator. The reactor is scrammed, of course, in the event of thimble

cooling failure, but these additional precautionary measures are designed
to protect the nuclear detectors and preamplifiers from thermal damage.

6. Control and Safety Drive Systems 

The detailed design of the control drive system was developed
in accordance with the previous basic schematic diagram [Fig. 25]. Refine-

ments were incorporated to effect the various detailed requirements as
they developed, and to meet the stringent space requirements as indicated
in Fig. 19.

The safety drive system [Fig. 27] is essentially unchanged ex-
cept for the lower beam structure arrangement as indicated in Fig.. 13.

Extensive testing of p.rototpye and production units (including
tests at simulated operating conditions) has affirmed the performance and
reliability of these units. Performance curves and operational data are in-
cluded in Appendix B.

7. Fuel-Handling and Unloading Systems 

The fuel-handling •system ,involves the movement of fuel and

blanket subassemblies between the reactor and storage rack:. These opera-

tions are performed within the primary. tank with the subassemblie-s com-

pletely submerged in sodium. The fuel-unloading system involves the move-

ment of subassemblies into and out of the primary tank. between the storage
rack and the interbuilding coffin (within the ReactOr Plant). The interbuild-
ing fuel transfer system (described in Section LU.A.94 effeCts transfer of

subassemblies between the Reactor Plant and the Fuel Cycle FacilitY.

•
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a. Fuel-Handling System

The fuel-handling system includes the gripper and hold-
down mechanisms for removing (and installing) the subassemblies from the
reactor; the transfer arm for transferring subassemblies between the grip-
per mechanism and storage rack; and the storage rack. It also includes
operation of the rotating plugs and their "freeze seals," and certain opera-
tions of the control rod drives and safety rod drives.

The freeze seals for the two rotating plugs have been revised
to provide a combination molten-frozen seal, rather than a completely frozen
seal as originally contemplated. The completely frozen experimental seal
leaked in an unpredictable and non-reproducible manner. To resolve this
problem, the trough and dip ring arrangement were revised to permit freez-
ing the upper portion of the seal while retaining the lower region in a molten
state. The frozen upper region prevents seal metal loss in the event of a
large pressure differential across the seal, while the molten lower region
prevents leakage. The entire seal is melted, of course, to permit rotation
of the plugs. The operation of this seal arrangement has been demonstrated
successfully in a series of mock-up tests described in Appendix B.

(1) Mechanical Components

The mechanical components of the fuel-handling
system (Fig. 20) have remained essentially as described. Each unit in the
system has been assembled and tested extensively prior to shipment to the
field (see Appendix B). The following 'descriptions are made with reference
to Fig. 20.

The gripper mechanism is an electro-mechanical
device used to insert or to extract subassemblies from the reactor vessel.
It is mounted on the small rotating shield plug and extends into the sodium
in the primary tank. The gripper mechanism grips the upper adapter of
the subassembly and moves it vertically into or out of the reactor vessel.
By rotation of the large and small shield plugs, the gripper mechanism is
brought to the location ("transfer point") where it transfers the subassembly
to or from the transfer arm.

The holddown mechanism is an electro-mechanical
device which works-An conjunction with the gripper mechanism. It is also
mounted on the small rotating shield plug and extends into the sodium in
the primary tank. During the removal of a subassembly from the reactor
vessel, the holddown mechanism prevents inadvertent extraction or move-
ment of adjacent subassemblies. The holddown mechanism also acts as a
guide funnel for the subassembly during the loading sequence.
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The transfer arm mechanism, a manually op-
erated and electrically controlled device, transports subassemblies between
various points in the fuel-handling and unloading systems. The transfer arm
swings in a horizontal arc between the transfer point, storage rack, and
transfer port location.

The storage rack mechanism, an electro-
mechanical device, provides temporary storage of new and spent fuel (and
blanket) subassemblies. The rack is suspended from the primary tank cover,
and is fully submerged in the tank sodium at all times to permit natural con-
vection cooling of spent subassemblies within it. The rack is cylindrical,
with a capacity of 75 subassemblies. The associated drive mechanism im-
parts vertical and rotational movement of the rack to permit either insertion
or removal of a subassembly from the rack by the transfer arm.

Although the gripper and transfer arm and the re-
lated control circuits are designed to prevent accidental release of a sub-
assembly, provisions have been made for recovery. A "subassembly basin"
(Fig. 21), consisting of a funnel-shaped trough, traverses the area under
much of the transfer arm path (the arc between the reactor, storage rack,
and transfer port). All sides of the "funnel" slope toward a depression
located directly below an access nozzle in the primary tank cover. If a
subassembly were accidentally released from the transfer arm at any point
along its travel (other than over the reactor, the radial neutron shield, or
the storage rack), it would drop into the basin and slide to the retrieving
position, standing in a vertical attitude. In this position, the subassembly
may be grappled through the access nozzle. Natural convection cooling of
this subassembly will occur in the same fashion as for subassemblies
located in the storage rack. Should the subassembly become wedged in the
basin without sliding into the retrieving position, cooling by the bulk sodium
would limit the maximum fuel temperature to less than 1100°F (even in the
horizontal position, one hour after shutdown from full-power operation).

The basin was thoroughly tested after installation
by repeated, deliberate dropping of a dummy subassembly from the trans-
fer arm.

(2) Fuel-Handling System Control

Fuel handling is accompli.shed semi-automatically.
The operator must supply the intelligence by initiating instructions relating
to the sequence of operations to be performed. Interlock circuits provide
information to the operator indicating the next operation to perform, but the
operator must initiate the operation. Preventive control is provided to
preclude the operator from initiating the wrong operation (the system will
only respond to the correct instructions).
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The fuel-handling center is the primary control
point for fuel-handling operations. With the exception of the transfer arm,
all mechanisms constituting the fuel-handling system are controlled and
supervised by an operator at the fuel-handling center. The transfer arm is
manually operated;. however, its operation is limited to the appropriate
motions in the fuel-transfer cycle by electro-mechanical interlocks. The
position of the transfer arm is transmitted to the fuel-handling center.

The circuitry for fuel-handling operations is inter-
locked with the reactor control system to prevent fuel-handling operations
unless the reactor is shut down and the reactor control system is locked out.
Conversely, reactor operation is prevented unless the fuel-handling control
system is shut down and locked jout. (This is accomplished by appropriate
key switches as described in Section.IV.J.)

The fuel-handling center is comprised of: (1) main
operating panel; (2) punched card reader; (3) card punch; (4) alarm lights;
(5) log count rate recorder; (6) scaler and scaler timer; and (7) miscella-
neous controls andlindicator.s.

The fuel-handling control system performs two -
distinct functions: (I) control operation of the various components in the
system, and (2) prepare a record of certain operations performed (data
gathering).

(3) Control of Component Operation

Repetitive, identical motions, for a given operat-
ing sequence are controlled by conventional circuits utilizing limit switches,
push buttons, etc. Motions which are a function of the point of origin or
destination of a subassembly are performed in response to a numerically-
controlled positioning system; for example: plug rotation, gripper rotation,
storage rack rotatidn and;Areiticallpasitioning, etc.

Prior to the transfer operations, the following
information is supplied to the system on "input" punched cards: (1) type
of operation (reactor to storage tank, etc.); (2) card serial number;
(3) subassembly identification; ,(4) core location: row, sector, and num-
ber; and (5) storage rack, rotating plug, and gripper angular coordinates.
The approximate accuracy and resolution of the numerical positioning
system are summarized below.

Mechanism Positioning Accuracy System Resolution

Large rotating plug
Small rotating plug

Gripper (angular position)

± 4 x 10-5 rev.
± 5 x 10-5 rev.
± 1 x 10-3 rev.

1.0 x 10-5 rev.
1.0 x 10-5 rev.
5 x 10-4 rev.
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The storage rack elevation and rotation drives
are controlled in an "on-off" fashion to effect indexing at certain discrete
points, the accuracy of which is determined by limit switch settings and
other mechanical considerations. The transfer arm positions over the

storage rack are supervised but are not controlled by the system.

The numerically-controlled positioning system
Utilizes digital position data throughout with one exception: conversion
to analog data is made in the circuits controlling drive motor speed.

Several measures are taken to enhance reliability

and eliminate errors. Coordinate information is punched in duplicate on
the input cards. The two sets of data are automatically checked for agree-
ment before the system takes action. Parity checking and redundancy
checking techniques are employed where appropriate in the position trans-

ducer data handling circuits. And finally, each input card is punched with

a serial number which is automatically checked for proper sequence.

(4) Data Gathering

A permanent record of operations regulated by
the numerically-controlled positioning system is made on punched output
cards. The output cards are automatically punched as the mechanisms
are indexed in response to the input cards. The information punched cor-
responds to that on the input cards except that the coordinate data are
derived from actual mechanism positions. The output cards are also
punched to record the date and time. Thus a permanent record of actual
performance is available and may be checked against the input cards at
any time.

b. Fuel-Unloading System

The fuel-unloading system effects transfer of subassem-
blies between the primary tank and the interbuilding coffin. The mechani-
cal components include the storage rack, transfer arm, transfer port, and
fuel-unloading machine (see Fig. 20). The transfer of fuel between the
Reactor Plant and Fuel Cycle Facility is described in Section III.A.9. The
operations involved in fuel unloading (and interbuilding transfer) may be
performed during reactor operation.

The transfer port provides access to the inside of the
primary tank through the transfer arm nozzle.. It forms the link between
the transfer arm inside the primary tank and the fuel-unloading machine
which operates on the main floor. 'The transfer port is basically a large,
•manually operated valve, normally closed, which is opened for fuel un-
loading. It has provisions for argon gas purging during the operations.
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The fuel-unloading machine (Fig. 22) is an electro-
mechanical device which transfers fuel subassemblies from the transfer
arm inside the primary tank to the interbuilding coffin outside the primary
tank. The machine is basically a shielded container-carriage assembly
mounted on a set of tracks. The internal mechanisms include a gripping
device, an argon•gas-circulating system, and .a drive unit which moves the
machine between the transfer port and the interbuilding coffin location.

Briefly, the sequence of fuel unloading is as follows. An
irradiated subassembly is removed from the storage rack by the transfer
arm and aligned directly under the transfer port. The fuel-unloading
machine is positioned over and sealed to the transfer port. The gripping
device is lowered through the transfer port to the level of the transfer arm
to engage the subassembly. The subassembly is lifted into the shielded
container, transported to and lowered into the interbuilding coffin. The
reverse procedure is employed to load a new subassembly into the primary
tank.

The argon gas-circulating system is used to remove excess
sodium from the subassembly, to cool the spent fuel during the transfer,
and to preheat a new subassembly before insertion into the sodium.

8. Primary Tank and Biological Shield 

The primary tank, primary tank support structure, blast shield,
biological shield, and shield cooling system comprise an integrated system.
The basic design requirements and design bases described in ANL-5719
were followed in developing the construction design.

a. Primary Tank 

Minor revisions were made in the design of the primary tank
as a result of more detailed structural analyses. The configuration of the
beam structure in the bottom of both the inner and outer vessel was changed
from a radial beam arrangement to several parallel beam stiffeners. The
thickness of the outer tank cylindrical: shell was reduced from 0.50 in. to
0.25 in. and stiffener rings placed on the outside of this vessel to prevent
distortion. The six support hangers were revised from the pin type originally
contemplated [Fig. 71, to a simple roller type. This eliminates the possibility
of secondary stresses in the primary tank cover due to horizontal loads de-
veloped in the hanger links, and increases the reliability of symmetrical, un-
restricted radial thermal expansion of the tank.

b. Primary Tank Support Structure 

The primary tank support structure (Fig. 23) remains es-
sentially unchanged except for a revision of the bottom beam arrangement
tying the columns together and a reduction in depth of the circular beam
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in the top structure. The radial beam arrangement [Fig. 32] was replaced
with a box-like structure which ties the bottom end of the columns together

with channels. The channels, in turn, are anchored to the concrete by a

basket-shaped reinforcing bar arrangement hooked over the channels and

imbedded in the concrete. This arrangement increased the utilization of
the mass of concrete in the bottom structure, is more amenable to analysis,
and is less expensive.

c. Blast Shield

The radial blast shield (Fig. 24) surrounding the primary
tank was retained but its composition was revised. Ideally, each lamination
of the blast shield attenuates the incident energy (and pressure) to a level
for which the next lamination will exhibit maximum efficiency in further
attenuating the energy and pressure. The efficiency of any one lamination
depends principally on its thickness, density, dynamic crushing strength,
and ability to absorb large amounts of energy (through crushing deforma-
tion). The material, thickness, and relative position of each lamination
within the shield was selected to reduce the maximum credible accident
pressure on the biological shield to a few psi above normal in the most
efficient and practicable manner. Three laminations of nominal thickness
shown in Fig. 24 are now provided, each separated by a steel shell
(0.375 in. thick), with a steel shell (0.50 in. thick) forming the inside
diameter of the blast shield. The outer layer contains "Celotex," the inter-
mediate layer contains aerated concrete (16.5 lb/ft3 density), and the inner
layer contains vermiculite concrete (22 lb/ft3 density). As shown in Fig. 24,
the 0.25-inch steel liner shell on the inner face of the concrete biological
shield was replaced by narrow steel strips placed in front of each T-1 col-
umn. The blast shield below the primary tank [Fig. E-1] has been elimi-
nated; detailed analysis showed it to be unnecessary.

d. Biological Shield and Shield Cooling System

The biological shield and the shield cooling system re-
main unchanged.

9. Interbuilding Fuel Transfer System 

The removal of the Disassembly Cell from the Reactor Plant
to the Fuel Cycle Facility reflected revisions in the methods of transfer-
ring fuel subassemblies unloaded from the primary tank. The operations
involved in transferring a subassembly from the primary tank to the in-
terbuilding coffin are described in Section III.A.7.b. The transporting of a
subassembly between the Reactor Building and the Fuel Cycle Facility
involves the interbuilding coffin, and the equipment air lock.
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The interbuilding coffin is a portable, sealed, shielded vessel
with an integral argon gas-cooling system. The blower units on the coffin
are battery powered to insure continuous operation in the event of transport
difficulties or power failure during transit to the Fuel Cycle Facility. The
interbuilding coffin also has provisions for removing the sodium adhering to
the subassemblies by means of steam and/or water in the Fuel Cycle Facility.
The effluent from the cleaning operation is piped directly to the sodium
disposal unit in the Fuel Cycle Facility.

The fuel-unloading machine inserts a subassembly into the in-

terbuilding coffin. The coffin is then lifted by the rotary bridge crane and
placed onto a dolly inside the equipment air lock. After passing through the
air lock, the coffin is placed on an interbuilding coffin cart and wheeled in-
to the Fuel Cycle Facility where the subassembly is cleaned and then trans-
ferred to the Disassembly Cell.

The same equipment is employed to transfer a subassembly
from the Fuel Cycle Facility to the primary tank. Sufficient fission product
heat is generated in the reprocessed fuel subassembly to require forced
convection cooling during its return to the reactor. This requirement indi-
cated the advisability of a single system which would accomplish fuel sub-
assembly transfer in both directions.

10. Primary Sodium Purification System

The primary sodium purification system is essentially unchanged.
The surge tank and analytical devices have been relocated to improve system
reliability and versatility.

Plugging indicators are located on the sodium inlet and outlet
sides of the cold trap. They will be used to check the efficiency of the cold-
trapping operations and to provide sampling points for chemical and radio-
logical analysis of the sodium before and after the purification cycle.

One vacuum cup sampler is employed, with sampling points pro-
vided on each of the plugging-indicator loops.

Contact leak detector probes are now installed in the pump
housing and on the floor of the Sodium Purification Cell (which is lined with
steel plate). In addition, a leak-monitoring device has been included in the
Sodium Purification Cell ventilation system. Any one of these devices will
cause an immediate shutdown of the purification system should a leak occur
anywhere in the system. An alarm indicating shutdown of the system is
located in the control room.

Reactor-grade sodium has been supplied to the following speci-
fications for both the primary and secondary sodium systems:
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Element Specified (Maximum) Actual Analysis*

Calcium 10 ppm <10.0 ppm

Carbon 50 ppm 17.0 ppm

Chlorides 30 ppm 23.0 ppm

Sulphur 10 ppm 5.0 ppm
Boron 5 ppm <3.0 ppm
Lithium 20 ppm <0.5 ppm
Silver 20 ppm <3.0 ppm

Cadmium 20 ppm <0.3 ppm

Gold 30 ppm <13.0 ppm

Indium 30 ppm <0.3 ppm

Potassium 1,000 ppm <250.0 ppm

Sodium 99.97% (min.) 99.98%
(including Potassium)

*Average of measurements made on samples taken during filling of

railroad tank cars prior to delivery to EBR-II Site.

Subsequent analysis for uranium and thorium indicated average
values of <0.5 ppm and <2.0 ppm, respectively.

11. Argon Blanket Gas System

The argon blanket gas system is essentially unchanged except
for deletion of provisions for servicing the Disassembly Cell in the Reactor
Plant. The removal of the Disassembly Cell decreased considerably the
volume of the system and simplified the system requirements as shown in
Fig. 25. This system maintains a static argon gas blanket over the primary
sodium with provision for dynamic operation when necessary.

A floating head tank is used to control the argon blanket pressure
to within ±1 in. H2O pressure differential with respect to building atmospheric
pressure under normal static operating conditions.

B. Secondary System

The- coolant flow rate, temperatures, and pressure differences vary
slightly from those originally contemplated. In general, these changes re-
flect only the estimated performance of the "as-built" equipment and addi-
tional information developed since the original report.

The secondary sodium flow rate is 2.5 x 106 lb/hr (approximately
5,900 gpm). Approximate inlet temperature to the heat exchanger is 588°F;
the outlet temperature is 866°F (also the inlet temperature to 'the steam.

generator). .The heat exchanger and steam generator are shown in

Figs. 26 and Z7, respictively.
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Circulation is maintained by an a-c linear induction electro-

magnetic pump with a capacity of 6,500 gpm at about 53 psi. Flow control

down to near zero flow is achieved by a generator voltage regulator which

uses an amplidyne motor-generator set for very accurate voltage control

of the main generator output to the pump.

1. Steam Generator

The steam generator (Fig. 27) consists of a natural circulation

evaporating section, a conventional steam drum, and a once-through super-

heating section. The evaporating section comprises eight, identical, shell-

and-tube heat exchangers connected in parallel on the tube side to a

horizontal, overhead steam drum with conventional moisture separation

internals. Dry and saturated steam leave's the top of the steam drum and

flows downward through four, identical, vertical shell-and-tube super-

heaters and into the turbine-generator unit.

The design of the evaporators and superheaters is shown in

Figs. 28 and 29. They are constructed entirely of 271-% Cr-1% Mo material

and utilize double-walled tubes. Each duplex tube consists of two, single

length, seamless tubes which have been individually inspected as single-
wall tubes and again inspected as a duplex tube. Four evaporators have

mechanically-bonded duplex tubes, and four evaporators have
metallurgically-bonded tubes. The units have double-tube sheets at each
end; the outer tube is welded to the sodium tube sheet and the inner tube is
welded to the steam tube sheet. The space between the tube sheets com-
municates directly with the atmosphere. No weld exists in these units with
sodium on one side and water and/or steam on the other side. As a result,
the only path between the sodium and the water and/or steam is across two
seamless tubes which have been individually and jointly non-destructively
inspected.

Difficulty has been encountered in fabricating the superheater
units; more specifically, the outer tube-to-sodium tube sheet welds (see
inset, Fig. 29). Many sound and reliable welds have been made, but not
consistently. This welding problem did not prevail during fabrication of
the larger tube evaporators. The smaller tube diameter and thinner wall
of the superheater tube appear beyond the scope of the present welding
techniques to produce consistently reliable welds. The effort to develop a
satisfactory welding procedure for the superheater tubes is continuing;
however, an alternate method of superheating has been selected pending
solution of this welding problem.

Two additional evaporators modified as superheaters will be
used temporarily. The evaporator design is similar to the superheater
design, and analyses indicate that reasonable superheater performance
can be obtained with a slightly modified evaporator. The modification
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consists of coring the evaporator tubes with a 0.812 in. O.D. tube which
provides increased steam velocity in the 0.125-inch steam annulus (see
inset, Fig. 29).

The use of two modified evaporators as substitute superheaters
will produce a steam temperature of about 820°F at 45 Mwt. The moisture
content in the final stage of the turbine will increase slightly. Sufficient
information is not available to determine the precise effect of increased
moisture content on turbine life; however, the slight moisture increase
expected should not seriously affect the useful life of the machine for this

application.

Owing to the external similarity between the evaporators and

superheaters, only minor modifications to the building, supporting struc-

ture, and piping were required to effect use of the modified evaporators.

2.. Sodium Relief System

The secondary sodium system includes a sodium relief system
to accommodate a pressure surge in the event of a sodium-water reaction.
This system consists of two duplex, 10-inch blow-out diaphragms. One
diaphragm is connected to each 10-inch sodium header which interconnects
the superheaters and the evaporators. Each duplex diaphragm (two individ-
ual diaphragms in series) is designed to rupture at 100 psi. Rupture of the
two diaphragms allows the sodium to flow from the header into a
1,200-gallon relief tank. The tank, in turn, communicates with the atmos-
phere via two 12-inch lines. Each of these lines is sealed with a rupture
diaphragm set for 25 psi. The normal sodium pressure in the superheater-
evaporator headers is about 10 psig.

C. Steam System

The steam system is shown schematically in Fig. 3. It is essenti-
ally as originally contemplated except for the addition of initial pressure
regulation to the turbine-generator steam control. Accordingly, the tur-
bine steam admission valves are controlled as a function of the pressure
in the steam system to maintain a constant steam pressure. Thus, the
turbine generator takes only that steam required to maintain a constant
1,250 psig in the steam headers. Normally, this is approximately equiva-
lent to the heat generated in the reactor. In this manner, the electrical
energy generated is a direct function of the reactor power and is independ-
ent of electrical demand.

D. Fuel Process System

The structural arrangement of the Fuel Cycle Facility has been
altered considerably to improve the various operations involved in the
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fuel cycle. These alterations do not affect the functions of the facility as

11.0 they apply to the reactor or plant operation.

V'

r

•
v

The first loading of the reactor fuel charge has been fabricated from
48.4% enriched uranium-"fissiurrx" alloy using prototype equipment to be
employed in the Fuel Cycle Facility. The methods of fabrication and the
composition of the fabricated fuel materials are described in Appendix A.
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IV. PLANT OPERATION AND PERFORMANCE

A. Control and Instrumentation 

1. General 

Minor modifications have been made to the control and instru-
mentation [Section IV.A.1.].

Throttle steam temperature during steady-state operation
will not be maintained constant at 850°F irrespective of power level, but
will deviate from this temperature at very low and very high power
levels. A minimum primary coolant flow rate of approximately 23% (of
full flow) is now stipulated; consequently, reactor coolant outlet tempera-
tures at very low powers (below 20% of full power) are reduced from
those required to generate 850°F steam, and the steam temperature
decreases progressively with decreasing power in this range. Final
thermal analyses have reflected higher reactor coolant flow rates with
resulting lower outlet temperatures, and reduced performance of steam
generation equipment. As a result, steam temperatures at all powers
above 73% also will be lowered. These and associated major system
temperatures and flow rates are shown in Fig. 30, which supersedes
[Fig.47]. It should be noted that, while these values represent the normal

operating conditions to be employed, the reactor will be operated occa-
sionally with higher coolant flow rates and with corresponding secondary
flow rates, steam temperatures, etc. The revised simplified flow dia-
gram for the major systems shown in Fig. 3 supersedes [Fig. 1].

The number of nuclear instrument channels employed has
been increased from ten to eleven; their detailed functions are described
in Section IV.A.2.c. The number of thimbles housing the nuclear detectors
has been reduced from ten to eight. All thimbles are now located inside
the primary tank, as shown in Fig. 18.

General alarM and scram provisions are unchanged except
that the "pre-scram warning alarm" has been eliminated. The list of
specific system abnormalities causing scram and/or alarm [Table VII]
has been extensively revised, principally by additions. The abnormali-
ties which now cause scram are listed in Table III. System abnormalities
causing alarm (only) are listed in Table K-1, Appendix.K.
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Table III

SYSTEM ABNORMALITIES CAUSING SCRAM AND ALARM

Abnormality

During
Reactor
Operation

During
Fuel

Handling

1. Channel 1: Source Flux Level x(1) x(2)

2. Channel 2: Source Flux Level x(1) x(2)

3. Channel 3: Source Flux Level x(1) x(2)

4. Channel 1: Log Count Rate Level x

5. Channel 2: Log Count Rate Level x

6. Channel 3: Log Count Rate Level x

7. Channel 1: Period x

8. Channel 2: Period ). )0)(4) x

9. Channel 3: Period x

10. Channel 1: Fission Counter High-Voltage Supply x(4) x

11. Channel 2: Fission Counter High-Voltage Supply x(4) x

12. Channel 3: Fission Counter High-Voltage Supply x(4) x

13. Channel 4: a) Period
or

b) Ion Chamber High-Voltage Supply

14. Channel 5: a) Period
or

b) Ion Chamber High-Voltage Supply

• x(s) x(s)

15. Channel 6: a) Period
or

b) Ion Chamber High-Voltage Supply

16. Channel 7: Linear Level x(6) x

17. Channel 7: Ion Chamber High-Voltage Supply xf6) x

18. Channel 7: Linear Level Range Setting Interlock. x(7)
19. Channel 8: Automatic Flux Control Rod Down x(s)

Effective only prior to reactor operation; bypassed when control power is
made available.
Can be bypassed by keyswitch for replacing neutron source.
Any two out of three will cause scram and alarm; any one out of three will
cause alarm.
Bypassed when neutron flux level exceeds prescribed power level
(approximately 4 x 10* watt).
Any two out of three channels will cause scram and alarm; any one out of three
will cause alarm.
Normally bypassed by a keyswitch during reactor operation; normally used
only, for experimental operations.
Channel 7 amplifier must be on correct (low) range setting.
Bypassed when on manual reactor control.
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Table III (Cont'd.)

SYSTEM ABNORMALITIES CAUSING SCRAM AND ALARM

During During
Reactor Fuel

Abnormality Operation Handling 

20. Channel 9: a) High-Flux Level (Manual)(9)
or

b) High-Flux Level (Automatic)(10)
or

c) Ion Chamber High-Voltage Supply

21. Channel 10; a) High-Flux Level (Manual)(9)
or

b) High-Flux Level (Automatic)(10) x(5)
or

c) Ion Chamber High-Voltage Supply

22. Channel 11: a) High-Flux Level (Manual)(9)

or
b) High-Flux Level (Automatic)(10)

or
c) Ion Chamber High-Voltage Supply

23. Instrument Thimble Detector Mounting. Bank (A) Temp. High 
x(11) x(11)

24. Instrument Thimble Detector Mounting, Bank (B) Temp. High x(11) x(11)

25. Any Control Rod Unlatched

26-._Any Control Rod Not In "Full Down" Position x(I) x(12)

--:::2 -Control Rod Scram Assist Air Pressure Low

28. Safety. Rods Not in "Full Up" Position x x(13)

29. Safety Rod "Hand Operated" Drive Interlock x(13)

30. Reactor Inlet Coolant (high pressure) No. 1 Flow Low

31. Reactor Inlet Coolant (low pressure) No. 1 Flow Low 2c

32. Reactor Inlet Coolant (high pressure) No. 1 Flow Rate-of-Change

High

33. Reactor Inlet Coolant (high pressure) No. 2 Flow Low

34. Reactor Inlet Coolant (low pressure) No. 2 Flow Low ac

35. Reactor Inlet Coolant (high pressure) No. 2 Flow Rate-of-Change
High

36. Reactor Outlet Coolant Flow Low

37. Reactor Outlet Coolant Temperature High

38. Core Subassembly. Outlet Coolant Temperature High x(11)

(9) Trip is manually set at the channel amplifier prior to reactor startup.
(10) Trip is automatically set by Flux and Flow Trip Setter on Console.

(11) Four thermocouples are used: high temperature sensed by any two out of
four causes scram and alarm.

(12) Bypassed when reactor vessel cover is not completely down.
(13) Can be bypassed by a keyswitch on the Console to permit Fuel Handling of

the Safety Rods only after these rods have been raised mechanically (by

hand-operated drive) to the "remove" position.
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Table III (Cont'd.)

SYSTEM ABNORMALITIES CAUSING SCRAM AND ALARM

Abnormality

During During
Reactor Fuel

Operation Handling

39. Bulk Sodium Temperature High x(11)

40. Bulk Sodium Level High

41. Bulk Sodium Level Low

42. Reactor Outlet Plenum Pressure High

43. Primary Pump No. 1: Motor Power Off ac

44. Primary Pump No. 1: Motor Winding Temperature High •x

45. Primary Pump No. 1: Power to MG Off -x

46. Primary Pump No. 1: Power to MG On

47. Primary Pump No. 1: MG Clutch Reference Voltage Low •x

48. Primary Pump No. 1: MG Cooling Water Pressure Low

49. Primary Pump No. 2: Motor Power Off .7C

50. Primary Pump No. 2: Motor Winding Temperature High

51. Primary Pump No. 2: Power to MG Off .x

52. Primary Pump No. 2: Power to MGOn

53. Primary Pump No. 2: MG Clutch Reference Voltage Low .x

54. Primary Pump No. 2: MG Cooling Water Pressure Low .x

55. Auxiliary Pump Rectifier Output Voltage Low x(1)

56.• Auxiliary Pump Input Current Low x(1)

57. Auxiliary Pump Battery Not Fully Charged (Charge Current
High) x(1)

58. Auxiliary Pump Battery Discharge Current High x(1)

59. Argon Blanket. Temperature High

60. Argon Blanket Pressure High

61. Fuel-Handling Operation Incomplete

-62. Reactor Vessel Cover Not Completely Down

63. Reactor Vessel Cover: Any Lock Not in "Locked" Position

-64. Reactor Vessel Cover: Any Lock Holddown Force Low

65. Reactor Building Isolation System

66. Reactor Building Gamma Radiation Level High

67. Reactor. Building Air Temperature High

68. Reactor Building Air Differential Pressure High

69. Earthquake Detection System



4Z

Z. Nuclear System

a. Control Rod Characteristics

Measurements obtained during Dry Critical Experiments
have permitted an improved estimate of control rod worth. The expected
worth of each rod is 0.004 Mc/k, and of all twelve rods approximately
0.048 Alc/k. With rod drive speed mechanically limited to 5 in./min, the
maximum possible rate of reactivity addition by two rods moving simul-

taneously is less than 0.00008 (61c/k)/sec. However, the automatic flux
control system is designed to preclude the simultaneous movement of two
rods in the same direction (see Section IV.A.2.g.).

The time elapsed between receipt of scram signal at the
rod drive and start of rod movement has been determined experimentally
(on the actual mechanisms, after final installation) to be less than
0.020 sec.

Maximum control rod acceleration during scram has been
revised from approximately 2g to 1.5g (by lowering the scram assist
pressure). The resulting curve(Fig. 31) of rod displacement versus time
after start of rod movement during scram supersedes [Fig. 41]. The cor-
responding curve (Fig. 32) of fraction of total rod worth effective versus
time after start of rod movement supersedes [Fig. 42].

b. Safety Rod Characteristics

Measurements obtained during Dry Critical Experiments
have permitted an improved estimate of safety rod worth. The expected
total worth of the two safety rods is approximately 0.013 LI1c/k, slightly
less than previously estimated.

c. Description of Nuclear Instrumentation

The instruments for measuring neutron flux and reactor
period have been rearranged and increased to eleven channels. The
reactor power range covered by each channel is indicated in Fig. 33 and
described below.

(1) Three Log Count Rate-Period Channels (1, 2, and 3)
measure log count rate and period from source level to about 500 w.

(2) Three Log N-Period Channels (4, 5, and 6) measure
Log N and period from about 100 w to 100 Mw.
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(3) One Linear Level Channel (7) measures flux level
from about 300 w to 150 Mw.

(4) One Automatic Flux Control Channel (8) regulates
neutron flux level from about 6 Mw to 60 Mw.

(5) Three High-Flux Level Channels (9, 10, and 11) meas-
ure flux level from about 1200 w to 250 Mw.

Figure 34 shows the connections and locations of the
detector, amplifier, and readout equipment for each channel.

The Log Count Rate Range is covered by three fission
counter channels (1, 2, and 3) which indicate reactor period and record
log count rate. These channels provide a startup level interlock which

withholds control power for reactor operation, or for fuel handling, unless
the neutron flux level exceeds a preset level (300 cpm). For reactor
operation, the period trips are connected in coincidence, with two out of
three channel trips causing reactor scram. This arrangement decreases
the probability of reactor• scram due to faulty equipment or spurious
signals. In addition, scram will result from loss of high voltage to any

counter. These scrams are bypassed when the flux level reaches a preset
level setting in channels 4, 5, and 6 (approximately 400 w). For fuel-
handling operation, the period trips, the log count rate trips, and the
counter high-voltage trips are connected in series; any one ,of these trips
will scram the safety rods.

The Log N-Period Range is covered by three compen-
sated ion chamber channels (4, 5, and 6) which indicate reactor period
and record log N. During reactor operation or fuel-handling operation,
tripping of two out of three channels causes scram. A channel trip can

be caused by either an abnormally short period or a loss of high voltage
to the ion chamber.

The Linear Level Range is covered by one compensated
ion chamber channel (7) which records reactor power level. Linear
indication of reactor power level is given on an expanded scale, obtained
by manual range switching. Linear level trip is provided with automatic
adjustment of trip level setting integral with the range switching. A trip

is also provided for the loss of high voltage to the compensated ion
chamber. Normally, these trips will be bypassed by a keys.witch on the

Console, and will be employed only for experimental operations. They
will be effective throughout fuel-handling operations; in addition, an inter-
lock requires that the 'range switch be set at the correct (low) range.

The function of the Automatic Flux Control Channel (8)
is described in Section IV.A.2..g.
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The high-flux-level range is covered by three compensated

ion chamber channels (9, 10, and 11) which record reactor power level. The

high-flux level trips will be preset at approximately 104%, 108%, and 110%

of the power level at which. the reactor is to be operated. In addition, a

second high-flux level trip for each channel is provided and is set automati-

cally by the Flux-Flow Trip Setter on the Console (see Section IV.A.Z.f.).
Each channel has a trip for the loss of high voltage to the ion chamber.

Each of the foregoing trips causes a channel trip. The channel trips are

connected in coincidence, with trip of two out of three channels causing

scram.

A summary of the period and level trips provided for reac-

tor operation and for fuel handling is given in Table IV.

Table T2

SUMMARY OF PERIOD AND LEVEL TRIPS FOR NORMAL REACTOR OPERATION
AND FOR FUEL-HANDLING

Channel No. and Range

Reactor Operation Fuel Handling

Period Approx.
Trip Setting

LevelApprox.
Trip Setting

Period
Trip

Approx.
Setting

Level
Trip

Approx.
Setting

Source Flux Level (Startup)
(Channels 1, 2, and 3) 1 of 3 300 cpm 1 of 3 300 cpm

Log Count Rate-Period
(Channels 1.2, and 3)
Source to 500 w

201 3 20sec 1313 20sec 1013 500w

Log N - Period
(Channels 4. 5, and 61
100 w to 100 Mw

2 of 3 20 sec 2 of 3 20 sec

Linear Level
(Channel 71
300 w to 150 Mw

Available (or
Experimental
Operation

1 1,000 w

High Flux Level
(Channels 9. 10. and 11)
1,200 w to 250 Ma

2 of 3
104% to 110%
of Operating
Power Level

Flux-Flow Trip Setter
(Channels 9,10, and 11)
1% Power to 100% Power

'

201 3

k
105%

of Operating
Power Level

'Withholds control paver for rector operation or fueHundling operations unless neutron flux level exceeds 300 cpm.

Regulated a-c power is supplied to the nuclear instrument

channels from the Nuclear Continuous Power Supply through three separate

electronic regulator circuits. Channels 1, 4, 7, and 9 are connected to one

regulator; Channels 2, 5, and 10 are connected to the second; and Channels 3,

6, 8, and 11 are connected to the third. In addition to furnishing well-

regulated power for the instrumentation, this method of supplying power to

the nuclear channels accomplishes the following:

(1) During normal operation, failure of one regulator will

not cause reactor shutdown since only one channel in each of the startup,

intermediate, and power ranges will trip. Two trips in the same range will

cause shutdown.
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(2) In the remote event of two regulator failures, the reac-
tor will scram but one complete chain of nuclear instrumentation will
continue to monitor the neutron flux after shutdown.

(3) In the event of primary power failure, the electrical
load can be reduced to conserve auxiliary (battery) power on the Nuclear
Continuous Power System. One or two regulator supplies can be turned off,
retaining one channel in each range operative.

d. Neutron Source

The neutron source is unchanged; however, the neutron
source strength requirements have been determined experimentally
(Appendices E and L).

e. Reactor Scram Circuit

The reactor period and flux level trips which scram auto-
matically the twelve control rods during reactor operation, or the two
safety rods during fuel-handling operations, are summarized on the reac-
tor scram circuit diagram, Fig. 35. Also shown are abnormalities other
than nuclear trips which cause scram, interlocks which permit transfer of
control power to either reactor operation or fuel-handling operations, and
conditions prerequisite to reactor startup.

f. Control of Flux-Flow Relationship 

The reactor and the power system are designed to operate
through the power range with a proper balance between the various thermal
systems as indicated in Fig. 30. Trip points are set automatically for
neutron flux and primary sodium coolant flow for any preset power level.

The trip points are set to alarm (only) at conditions where
the reactor is "overcooled," and to alarm scram at conditions where the
reactor is "under cooled." This is accomplished by the Flux-Flow Trip
Setter (calibrated in per cent of full power), on the Console. Interconnected
on a single shaft are a series of adjustable potentiometers. The potentiom-
eters establish :the desired voltage in appropriate bucking circuits to match
the signal voltage from Channels 9, 10, and 11, and the electromagnetic flow

meters which measure the coolant flow from each pump and from the reactor.

These signals are supplied to four deviation meters, located on the Console,

which measure per cent deviation from the desired value of: sodium flow

from Primary PumpNo. 1 to high-pressure plenum; sodium flow from
Primary Pump No. 2 to high-pressure plenum; sodium flow from reactor;

and neutron flux level. The deviation meter for the 'neutrOn flux level is

supplied with,a three-position selector switch, to Channel 9, 10, or 11.
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The deviation meters are of the "zero-center" type and
each circuit features independent, adjustable high and low trips that can
be set to any value between 0% and ±50% deviation. The trips will be set
at about ±5% deviation for normal reactor operation. The trip settings
are arranged to alarm (only) at coolant flow "too high," and to alarm and
scram at coolant flow "too low" (on any one of the three deviation circuits)
and neutron flux "too high" (in a 2 out of 3 coincidence trip circuit).

The control voltages for flow are established by specially
wound potentiometers which conform to the relationship between reactor
power level and primary coolant flow shown in Fig. 30. The desired flux
setting is simultaneously established.

The flow-deviation system includes a "rate of change of
flow" measurement device with trips that can be set at any value between
0 and 10% (of existing flow)/sec. These trips will be set at approximately
1% (of existing flow)/sec for normal reactor operations. (This system is
somewhat analogous to the period trips actuated by rate of change of
neutron flux.)

Automatic Flux Level Control System

An automatic flux level control system has been developed
for future application on the EBR-II. The system is designed to maintain
reactor power at ±1% of a preselected power level after equilibrium
operation at that level has been established manually by the operator.

The automatic flux controller consists of a comparator
circuit and amplifier with a relay output. The current from an ionization
chamber is compared to a reference current. The reference current is
adjustable from the Console and is called a power demand setting. Devia-
tions of ±1% in ionization chamber current result in relay closure for rod
up or down motion, depending on whether the ionization chamber current
is less than or greater than the reference current. The relay contacts
energize the control rod drive mechanisms. The system is designed to
provide automatic flux level control, using only one rod at a time. Any one
of the twelve control rods may be selected for this purpose.

Several design features are incorporated into the automatic

control system to ensure safe operation. Prior to placing the selected rod

into the automatic mode, the rod must be. located within narrow limits ,at a

designated position, i.e., within ±0.5 in. of the 7.0 in. position (interlock

enforced), and the actual reactor power must match the demanded power

within ±1% (interlock enforced). After the control rod position and power

requirements have been met, the operator can transfer the selected rod to

automatic operation. After the rod has been placed under automatic control,

the power demand setting control is inoperative. To change reactor power,
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the control rod must be returned to manual operation, the power demand
setting changed to the desired power level, and the rod position and power
matching procedure must be repeated.

While in the automatic mode, the range of rod motion is
monitored by limit switches. If the movement into the core (up) exceeds a
predetermined rod position (11.0 in.) in response to a downward drift of
reactor power, an audible and visual alarm on the Console is energized.
These alarms will not cease until manual shim rod action is taken to
restore the rod to its normal operating range. At 14 in. of rod travel, a
second limit switch will energize another audible alarm, de-energize the
automatic control circuit, and restore manual control. If the reactor
power drift is upward, the automatic circuit will drive the control rod out
of the core (down). If manual corrective shim rod action is not taken by
the operator and control rod travel exceeds a predetermined rod position
(3.0 in.), a limit switch will operate an audible and visual alarm on the
Console. If rod movement (downward) continues, a second limit switch
(0 in.) will de-energize the automatic control circuit and initiate reactor
shutdown automatically (scram).

Another safety feature of the automatic control system

involves timing of rod motion. In the event the automatic control unit
suffers an internal failure which results in a continuous demand to raise
or lower the control rod, a timer circuit which measures the duration of
motor starter closure will transfer the system to manual control when the
preset time limit is exceeded. The limit will be determined experimentally
on the operating reactor by timing the magnitude of control rod required
to change reactor power by 3% at full power with the rod in its most
effective position. The magnitude of rod motion may be estimated by
assuming a power coefficient of reactivity of 3.5 x 10" (Pk/k)/Mw, and a
maximum rod worth of 4.9 x 10" (Als/Win. Since 3% of full power is
1.88 Mw, the assumed power coefficient gives a reactivity change of
6.58 x 10-5 Ak/k and a corresponding rod motion of 0.134 in. This example
is based on analysis; the final value of timer setting will be determined
from actual reactor operating data.

Timing is accompliihed by measuring the voltage across •
a capacitor, which is charged exponentially through a resistor. This
voltage trips a relay on a preset value. The capacitor is charged positive
for rod raise, and charged negative for rod lower. The capacitor discharges
with a time constant identical to the charge time constant, and, in a sense,
has a memory. This insures that application of a sequence of rod motions,
each slightly less in duration than the set trip time, will not allow the rod
to be driven to an end limit as would be the case if the capacitor were instan-
taneously discharged after each increment of rod motion.

9
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The following abnormal conditions will automatically trans-
fer the system to manual control:

Reactor scram.

Automatic control rod at 14 in.
Automatic control rod at 0 in. (also causes scram).
Loss of automatic control system ionization chamber
high voltage.
Loss of positive and negative voltages in automatic
control unit.
Filament failure of relay driver in automatic control

unit.
Time of rod movement exceeded.

The system is interlocked to give the "rod-lower" control
relay preference over the "rod-raise" control relay. If several control
system failures occur simultaneously, such that the "raise" and "lower"
relays both call for control rod motion and the, protective interlocks fail to
transfer the system from automatic mode to manual operation, the control
rod will be driven to its "full down" position, automatically scramming the
reactor. Another interlock will prevent automatic control rod motion in
the "up" direction if manual shimming is being performed in the "up"
direction.

The performance of the automatic control system has been
experimentally evaluated. The final control system hardware, including
control amplifier and three-phase motor, has been incorporated in a closed
loop control system. An analog computer has been used to simulate the
reactor transfer function. Prior to using the automatic control system on
the reactor, the reactor transfer function and control rod worth will be
experimentally measured at several power levels. The measurements will
be compared to the theoretical parameters used in the control system design
to determine that the system will perform satisfactorily on the operating
reactor. The automatic control system will not be connected into the
operating system until extensive experience is gained with the reactor at
several power levels and its kinetic behavior is understood.

3. Primary System

The control and instrumentation for the primary system is
essentially unchanged. Minor modifications have been made in scram and alarm

provisions, as shown in Table III and Table K-1 (Appendix K). The principal
monitoring points [Fig. 18] have been revised as indicated on Fig. 36.
Revision of the auxiliary pump flow decay curve when on battery power supply
[Fig. 48] is described in Appendix B.
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4. Secondary System

The instrumentation and control of the secondary system is
essentially unchanged. (A complete list of alarm indications is included
in Appendix K.)

5. Steam System

The principal change in the steam system control and instru-
mentation is the addition of the initial pressure regulation feature to the
turbine-generator steam control. Steam pressure is controlled by the
initial pressure regulator when the turbine-generator is in service, and
by the automatic controller in the steam bypass line when the turbine-
generator is not in service.

To provide the desired degree of reliability, the steam system
is arranged to isolate the reactor from turbine-generator load variations.
The turbine-generator normally will be in parallel (electrically) with the
NRTS 138-kv loop; consequently, electrical load variation will be minimized.
Two modes of operation are available:

(1) Bypass a small quantity of steam around the turbine
at all times to provide available steam to absorb minor load variations.
The amount of bypass steam required to absorb the maximum load varia-
tions must be determined by actual operational, experience, but the bypass
system is capable of handling up to 100% of the steam generated. (For
purposes of establishing a heat balance for this mode of operation, a bypass
flow of 5,000 lb/hr is assumed at full load.)

(2) Operate the turbine under the control of the initial
pressure regulator. Bypassed steam is not required.

In addition to the above change, the pressure reducing-
desuperheating stations have been removed. Consequently, at low load

on the turbine, steam is supplied to Heater No. 1 from the low-pressure

flash tank and the exhaust from condensate pump turbine driver, and to
Heater No. 3 from a PRV station and the low-pressure flash tank. This
system provides a reasonable cycle efficiency under normal turbine opera-
tion, essentially constant feed-water temperature at all loads irrespective
of turbine operation, and adequate pressure head for draining the heaters

during operation without the turbine in service.

All other instrumentation and control are essentially unchanged.
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6. Electric Power System

Numerous revisions and additions were made to the electrical
power system as the final plant design evolved. The single-line diagram
shown in Fig. 37, supersedes [Fig. 49]. The- most significant effect of
these changes has been to increase the reliability and/or continuity of
power supply for the more critical systems. The principal revisions
include:

(1) Three, automatic starting, diesel-generator sets
(400-kw, 200-kw, and 100-kw), are provided, instead of one. The 400-kw.
unit supplies emergency power for all areas of the EBR-II except the
Fuel Cycle Facility; the latter is serviced by the Z00-kw unit. The 100-kw
unit provides backup emergency power for the instrument thimble cooling

system, the shield cooling system, and the Reactor Plant emergency instru-

ment air compressor in the event the 400-kw unit should fail to operate.

(Z) The ARBOR feeders [Page 70] have been deleted.

(3) The rectifier unit for the primary system auxiliary

pump is now manually applied to the emergency power supply system.
The pump flow characteristics on the parallel (floating) battery power
supply [Fig. 48] have been revised (see Appendix B, and Fig. B-10).

7. Building Isolation System

The containment design of EBR-II as previously described
[Appendix E] and as described in Appendix H, includes the "primary
containment system" and the "building containment system." The latter
system consists primarily of a steel shell enclosing the complete Reactor
Plant. Penetrations are provided for access of personnel, equipment,
freight, air ducts, and piping. To assure gastight integrity of the shell,
immediately subsequent to a maximum credible nuclear excursion, it is
necessary to render each of these penetrations leakproof. Many are
designed to be continuously leaktight; however, eighteen of the total of
twenty-seven ducts or pipes penetrating .the shell must be mechanically
(automatically) closed. For this purpose, nineteen fast-acting isolation
valves are incorporated in these lines (two valves on the double-branched
ventilating air inlet duct, one on each of the others). A complete listing of

these valves is included in Appendix H.

The building "isolation system" includes the isolation valves,

nuclear-incident detection devices, and the system circuitry which controls
the position of the valves. All valves are air-to-open, spring-to-close,
with electrical (solenoid) pilot valve control. They close automatically
upon loss of either instrument air pressure or electrical power.
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The detection devices include;

(1) Two radiation detectors to sense radioactivity level
inside the building.

(2) One pressure detector to sense building air pressure
relative to atmospheric pressure.

(3) Four thermocouples to sense reactor coolant temper-
ature at outlet from subassemblies.

(4) One thermocouple to sense building air temperature.

(5) Two resistance thermometers (long time constant)
to sense building air temperature.

Each detector circuit is provided with an adjustable trip. The
four thermocouples sensing reactor coolant temperature are connected
in a two-out-of-four trip arrangement. This latter trip is effective only
during reactor operation or standby, since fuel-handling operations require
the reactor cover (carrying the thermocouples) to be raised to the top of
the primary tank.

In the remote event of a significant nuclear incident or primary
system sodium fire, trip initiated by one or more of the above detectors
will interrupt electrical power to the isolation valves and all valves will
close immediately. Trip of the isolation system will also scram the reactor.

B. Normal Steady-State Operation 

This section describes the numerous minor revisions in operating
conditions of the power system at full power (62.5 Mw). In general, these
revisions stem from the change in nominal core configuration (from 61 to
67 subassemblies), design detail changes in the reactor and heat transfer
systems, and refinements in neutronic and thermal analyses. For clarity,
portions of the section [Section IV.B.] are rewritten in their entirety.

1. Flux Distributions 

a. Neutron Flux 

The expected neutron flux distributions do not differ greatly
from those presented in ANL-5719. However, refinements in analysis and
availability of pertinent experimental data have resulted in greater confidence
and precision in the predicted distributions. Differences between the present
analysis and the earlier analysis include the following (in addition to the
change in core configuration):
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(1) The assumed fuel. alloy density is 17.95 gm/cc,
instead of 18.7 gm/cc. (Actual density of the fabricated first loading is
approximately 17.8 gm/cc.)

(2) The assumed fuel alloy constitution is that of the
fabricated first loading (including actual fissium content), instead of pure
uranium.

(3) Minor changes in composition and dimensions of
axial and radial blankets have been taken into account.

(4) Multigroup results are based on 3- and 11-energy

groups. Previous results were based on 2- and 10-energy groups.

(5) Multigroup analyses are based on two-dimensional

models. Previously, only the two-group calculations were based on
two-dimensional models..

Since the present neutron flux distributions are quite

similar to those reported previously, only typical comparative results

are presented here. High-energy (>1.35 Mev) neutron flux as a function

of radius at the core midplane is shown in Fig. 38 for the core and inner

blanket regions. Low-energy (<1.35 Mev) flux for the same regions is
shown in Fig. 39. Both high and low energy neutron flux distributions for

the outer blanket are shown in Fig. 40. The three curves in each figure

represent the following (two-dimensional) cases: (1) an 11-group analysis

for the 67-subassembly core; (2) a 3-group analysis for the 67-subassembly

core; and (3) the previous 2-group analysis for a 61-subassembly core.
All curves are normalized to 62.5 Mw. Comparisons of the analytical
results with experimental data have shown the 11-group analysis is the
more accurate method.

The results indicate that both high-energy and low-energy

neutron fluxes near the center of the core are lower than previously pre-

dicted; therefore, the expected power densities are lower. In most of the

inner blanket, however, both high-energy and low-energy fluxes are several

per cent higher than previously predicted; consequently, the expected
power densities are higher. (The high-energy flux produces more than 90%

of the fission power in this region.) The high-energy flux level in the outer

blanket is substantially higher than reported earlier; however, fission power

is derived primarily from the high-energy flux only in the innermost regions.

Table V summarizes the predicted maximum neutron fluxes,

fission density, and power density, together with corresponding values

reported previously.
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Table V

NEUTRON FLUX AND FISSION DENSITIES AT CENTER OF CORE

(Power = 62.5 Mw)

Previously
Reported
[Page 77]

Present
Analysis

Neutron Flux, n/(cm2)(sec)

Total 3.7 x 1015 3.55 x 1015
Below 1.35 Mev 2.9 x 1015 2.86 x 1015
Above 1.35 Mev 0.8 x 1015 0.69 x 1015

Fission Density, F/(cc)(sec) 4.4 x 10" 3.7 x 10"

Power Density, Mw/liter 1.37 1.23

b. Gamma Flux

The gamma-ray flux distributions [Section IV.B.1.b.] still
prevail except in two areas. The change in reactor vessel configuration
and corresponding changes in the radial neutron shield (see Section III.A.1.h.),
have reflected a decrease (-20%- 50%) in the gamma-ray flux in and around
the reactor vessel wall. The corresponding maximum internal heat genera-
tion in the vessel wall is: 0.02 w/cc for the area with, and 0.01 w/cc for the
area without graphite between the wall and the outer blanket.

Table VI lists the revised estimates of gamma and fission
heat generation within the blanket regions at locations where such heating
is of greatest significance.

Table VI

GAMMA AND FISSION HEAT GENERATION

(in kw/liter of reactor volume)

Location Gamma

*Inner blanket, Row 6, R = 23.2 cm, Z = 0

*Inner blanket, Row 7, R = 28.5 cm, Z = 0

*Outer blanket, Row 8, R = 33.3 cm, Z = 0

Outer blanket, Row 15, R = 73 cm, Z = 0

Bottom end of upper blanket, R = 0

62

32

11

0.1

29

Fission

170

95

29

0.2

31

*Near core-type subassemblies in sixth row.
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c. Secondary System Sodium Activation

Multigroup neutron flux calculations have been performed
to estimate the number of neutrons captured by the secondary system
sodium in passing through the heat exchanger within the primary tank.
Based on the total neutron capture rate and the sodium gamma activity, the
radiation level at the surface of insulation surrounding a 12-inch pipe
(main secondary system piping) is estimated not to exceed approximately

5 mr/hr. This value is subject to considerable calculational uncertainty,

but it is clear that shielding requirements, if any, will be minimal.

2. Reactor Heat Generation Distributions

The heat generation distributions described pertain to the

nominal (67 subassembly) core loading. Loadings of 61 to 73 subassemblies

will alter these distributions, particularly within inner and outer blanket

regions immediately adjacent to, or near core-type subassemblies in the

sixth row.

Table VII shows the approximate distribution of power genera-

tion in various regions of the "clean" reactor.

Table VII

REGIONAL DISTRIBUTION OF POWER GENERATION

Region Power, Mw % of Total

Core 53.5 85.6
Upper plus lower blanket 1.5 Z.4

Inner blanket 6.1 9.8

Outer blanket 1.4 Z.Z

62.5 100.0

The radial maximum power density distribution (including

gamma-absorption contributions) at the center plane of the reactor is
shown in Fig. 41. This distribution is based on 82% insertion of each of

the twelve control rods, and 100% insertion of the two safety rods. The

power densities at given radii vary somewhat with angular orientation

and significantly within the inner blanket and innermost portion of the

outer blanket.

The radial maximum-to-average power density ratio of the

core at the reactor center plane is 1.46; the effective radial maximum-to-

average ratio over the entire height of the core (assuming the control rods

to be fully inserted) is 1.44.
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Figure 42 shows the axial power density distributions at the
core centerline and at the hottest channels: within the core (R = 13.9 cm),
within the inner blanket (R = 23.2 cm), and within the outer blanket

• (R = 33.3 cm). The "hottest channel" in a given reactor zone is that fuel
or blanket element, with its associated coolant channel(s), within which
occurs the highest uranium temperature.

The axial maximum-to-average power density ratio at the core
centerline is 1.15. The effective axial maximum-to-average ratio over
the entire radius of the core (assuming the control rods to be fully inserted)
is 1.14. The axial maximum-to-average ratio for the hottest channels are:
1.14 within the core; 3.60 within the inner blanket; and 3.60 within the
outer blanket.

Maximum power density in the core, with control rods 82%
inserted, is 1.23 Mw/liter (of core volume). Average power density in the
core is 0.735 Mw/liter. The ratio of maximum-to-average power density
in the core is 1.67.

These power densities and distributions are based on the
"clean" reactor. Analysis indicates that sensible changes in heat genera-
tion distribution are incurred slowly during operation as a result of core
burnup and plutonium formation. The most rapid changes (of practical
significance) occur within the inner rows of the inner and outer blankets
where maximum power densities increase approximately 3% and 6%,
respectively, per atom per cent core burnup. The major significance of
the power density increase is the increase in temperature of the blanket
and its possible effect on radiation damage resistance. This change is
slow enough, however, to permit adequate monitoring for radiation damage
by periodic withdrawal and inspection of subassemblies on a basis of
progressively increasing exposure. In addition, a large portion of the
blanket is substantially "overcooled" and only a small region will experi-
ence a temperature rise which could significantly affect radiation damage
resistance. Accordingly, these changes in heat generation distribution
have not been included in the calculation of maximum blanket temperatures
described in the following section.

3. Reactor Temperature Distributions

In a given reactor, the maximum mean reactor outlet coolant
temperature achievable for specific maximum permissible fuel and blanket

alloy temperatures is a function of various parameters; e.g., reactor inlet

coolant temperature level, reactor power level, and coolant distribution.
In general, to attain high, mean coolant outlet temperature at a practical

coolant inlet temperature and high reactor power, it is necessary to orifice

the coolant flow to certain subassemblies; i.e., it is necessary to establish
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an optimum coolant mass flow distribution. Achievement of this distribu-
tion in the EBR-II requires orificing of all rows of subassemblies except
Rows 1 and 2 (numbered radially outward from the center of the core). In
most cases, the degree of orificing required will vary, since significantly
different amounts of power per subassembly are generated in the various
rows. The degree of orificing employed in each row is based on one or
more of the following limitations (depending upon the row): maximum per-
missible fuel alloy or blanket uranium temperature; maximum permissible
coolant temperature at subassembly outlet; and minimum acceptable ori-
fice size. •

An additional consideration affecting calculated temperature

distributions within the reactor is the degree of uncertainty associated

with each of the thermo-physical quantities employed in the calculations.
These include uranium thermal conductivity value, heat transfer coefficient,

neutron and gamma flux level, etc. The most important calculations are
those which determine the temperatures occurring along the centerlines of
fuel elements and blanket elements. The centerline temperature at a
specified point is equal to the inlet coolant temperature plus the sum of
a series of calculated temperature rises; e.g., coolant AT from inlet to
the point of interest, rise through the coolant film, rise through the element
clad, etc. If each thermo-physical quantity affecting the magnitude of the
various temperature rises is analyzed separately, a degree of uncertainty
can be estimated and an "uncertainty factor" assigned. The magnitude of
this uncertainty factor reflects the degree of uncertainty associated with the
magnitude of the particular quantity. Multiplication of a nominal calculated

temperature rise by an uncertainty factor results in a larger temperature
rise, the validity of which presumes the factor to have been manifested at
its fullest magnitude and in the adverse direction. For example, with an

uncertainty factor of 1.20 for the film heat transfer coefficient, the nominal

temperature rise through the coolant film would be increased by 20%..

Application of a discrete uncertainty factor to a discrete nominal

temperature rise is straight-forward in concept. Expansion of this method
to include all the uncertainty factors operating upon all the nominal tempera-

ture rises which each might affect, however, results in an excessively con-
servative estimate of maximum temperature. Using this procedure, all

uncertainty factors applicable to a given nominal temperature rise first are

multiplied together to obtain a "total" factor. The nominal rise is then

multiplied by this "total" factor. All the increased temperature rises so

obtained are then added. This sum represents the total temperature rise

(with all uncertainty factors included) from coolant inlet to point of interest

on the element centerline.

The above procedure for application of uncertainty factors is

unrealistic. It assumes that all factors will become manifest at the same
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time, at the same location, each to its fullest magnitude, and each in the
adverse direction. With respect to predicting maximum fuel temperature,
it also assumes that the location of such manifestation is at or near a
location of nominally highest temperature. The probability that all of these
conditions will be met is virtually zero.

Because of the excessive conservatism inherent in application
of the full uncertainty factors (as above) for the thermal analysis reported
earlier [ANL-5719], each "total" factor was arbitrarily reduced in mag-
nitude. A "1 " factor was applied to each nominal temperature rise instead3
of the "total" factor; i.e., 1.18 instead of 1.Z7, 1.36 instead of 1.54, etc. By
this procedure, the indicated increase in each temperature rise (including
total rise from coolant inlet to point of interest on element centerline) is
67% of that which would result from application of the full uncertainty
factors.

Further study and experience has led to the conclusion that a
more optimistic treatment of uncertainty factors than the factor method
is justified. This has resulted, in part, from: (1) increased confidence in
prediction of neutron and gamma flux distributions because of improved •
theoretical analyses, additional ZPR-III critical experiments, and the Dry
Critical Experiments; (2) a more detailed knowledge of the reactor coolant
flow distributions determined in extensive water model flow tests at
Franklin Institute and at Argonne; (3) improved reliability of estimates of
fuel element manufacturing deviations gained in actual fabrication of the
first core loading; and (4) favorable irradiation damage data obtained at
high burnups and temperatures (Appendix A).

The principal justification for more optimistic treatment, how-
ever, is based on the fact that a fuel alloy local temperature slightly in
excess of the maximum calculated, while undesirable, is not destructive.
Such higher temperature would merely increase the extent of local irradia-
tion damage for a given burnup; it would not effect sudden, complete element
failure. In a real sense, this incremental temperature is identical with an
incremental degree of burnup in that the chief effect of each is an increment
of fuel alloy (dimensional) damage. The effect of a slightly increased tem-
perature, consequently, may be compensated by an appropriately decreased
burnup, and conversely. Accordingly an increased probability of occurrence
of a given high temperature can be offset by exercising increased conserva-
tism in specifying the maximum burnup permissible.

Selection of the most suitable general method of applying uncer-

tainty factors is a matter of judgment. One method, as described earlier,
applies the full factors to the nominal temperature rises. Another method
arbitrarily employs a constant "fraction" of the full factors; e.g., a "I" fac-

tor or "f" factor. More recently, statistical methods have been employed.
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Le Tourneau and Grimble3 suggested the statistical approach. Bonilla4
described details of such an approach, and various org.anizations: UKAEA,5
ORNL,°'7 Bettis,8,9 APDA, I° Phillips, 11 and others,6,12 have used or
studied statistical methods. Moreover, several reactors have been designed
using a statistical method; e.g., ETR, EGCR, GCRE-I, and EFFBR. The use
of statistical methods in the application of uncertainty factors results in an
increase in the estimated total temperature rise from coolant inlet to fuel
hot spot in the range of about 25% to 50% of the temperature rise calculated
with the application of full uncertainty factors.

In the present EBR-II analysis, a general statistical method is
followed except that no attempt is made to correlate either the assigned

uncertainty factor magnitudes or the calculated maximum fuel temperature
with a precise "confidence level." Each uncertainty factor is applied to each
nominal temperature rise which it might affect to obtain the increase in the

rise, or deviation. All deviations stemming from a single thereto-physical

quantity are then added and the sum squared. The sum of all such squares
is obtained and the square root taken. This root is considered to be the
total increase applicable to the nominal temperature rises, or the increase
in total temperature rise from coolant inlet to point of interest on the element

centerline. The method is illustrated in Table VIII for the case of maximum
core fuel alloy temperature at full power (62.5 Mw). The indicated increase
in total temperature rise from coolant inlet to the fuel hot spot, 58°F, is 35%
of that which would result from application of full uncertainty factors.

Table 7X

ILLUSTRATION OF UNCERTAINTY FACTOR APPLICATION METHOD
(For maximum core fuel temperature at full power, 62.5 Mw)

Thermo-Physical Quantity
OAT 322°F ef • 26°F ec • 39°F 8t, • 80F 81 • 130F eu • 1050F

Ed (Z42
F d F d F d F d F d F d

Neutron and Gamma Flux 1.07 22.5 1.10 2.6 1.10 3.9 1.10 0.8 1.10 1.3 1.10 10.5 41.6 1730.6
Flow Rate Through Subassembly 1.05 16.1 - - - - - - - - - - 16.1 259.2
Flow Profile Within Subassembly LOS 16.1 - - - - - - - - - - 16.1 259.2

Manufacturing
Deviations

From
Nominal

Clad Dimens. - - - - 105 2.0 - - - - - - 2.0 4.0
Bond Dimens. - - - - - - 104 0.3 - - - - 0.3 0.1
U Dimens. - 102 0.5 1.02 0.8 1.02 0.2 102 0.3 1.02 2.1 3.9 15.2
U235 Conc. 1.01 121.01 0.3 1.01 0.4 101 0.1 101 0.1 1.01 1.0 5.1 26.0

Thermal
Conductivity

Clad - - - - 1.10 3.9 - - - - - - 3.9 15.2
Bond - - - - - 1.10 0.8 - - - - 0.8 0.6

Uranium - - - - - - - - - - 1.15 15.8 15.8 249.6
Heat Transfer Coefficient - - 120 5.2 - -.. - - - - - - 5.2 27.0
Measurement of Power Level 1.02 6.4 1.02 0.5 1.02 0.8 1.02 0.2 1.02 0.3

-
1.02 2.1 10.3 106.1

Transient Overload 105 16.1 1.05 1.3 1.05 2.0 1.05 0.4 105 0.6 1.05 5.2 25.6 655.4

Notes F Is the uncertainty factor. d Is the temperature deviation, OF
Nominal maximum core fuel temperature (without uncertainty faders/ • 1213°F
Increase in total temperature rise as calculated above • 580F
Maximum core fuel temperature including uncertainty fasten • 12710F

Total E(242 • 3348
Square 1113l of total • Eff.
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Assigned magnitudes o the uncertainty factors are shown in
Table IX. The nomenclature in parentheses at the column headings refer
to pertinent temperature rises: AT, coolant temperature rise from inlet
to point of interest; Of, rise through coolant (heat transfer) film; Oc, rise
through clad; eb, rise through sodium bond; ei, total rise through clad-
bond and bond-uranium interfaces; and eu, rise through the uranium.
Certain factors have been revised from their original values [Table VIII,
p. 80]. The major changes are: reduction of the factors related to flux
distribution and fissionable material concentration (because of greater
confidence in their predictability for the reasons stated earlier); and,
increase in factors related to coolant flow rate through a subassembly
(principally in Rows 10-16 of the outer blanket). Although their influence
is quite insignificant, for consistency the column of factors effective on
the interface temperature rise has also been added.

Table IX

UNCERTAINTY FACTORS FOR THERMAL ANALYSIS OF FUEL
AND BLANKET ELEMENTS

Thermo-Physical Quantity F(AT) F($f) F(61c) F(61b) F(01) F(8u)

Precision in Neutron and Gamma Flux
Distribution 1.07 1.10 1.10 1.10 1.10 1.10

Precision in Total Coolant Flow Rate
Through a Subassembly *1.05 - - - - -

Precision in Coolant Velocity Profile
Within a Subassembly 1.05 - - - - -

Manufacturing Deviations from Nominal
Clad Dimensioris - - 1.05 - - -
Bond Dimensions - - 1.04 - -
Uranium Dimensions - 1.02 1.02 1.02 1.02 1.02
Fissionable Material Concentration 1.01 1.01 1.01 1.01 1.01 1.01

Thermal Conductivity Values
Clad - - 1.10 - - -
Bond
Uranium

-
-

-
- -

1.10
-

-
-

-
1.15

Heat Transfer Coefficient - 1.20- - - -

Precision of Measurement of Power Level 1.02 1.02 1.02 1.02 1.02 1.02

Possible Transient Overload 1.05 1.05 1.05 1.05 1.05 1.05

*Value is 1.25 for subassemblies of Rows 10-16 (outer blanket).

In many of the figures and tables referred to in this section,

two temperatures or temperature curves for the same conditions are

shown; one includes uncertainty factors (applied as above), and the other

does not. The temperature distributions which include the uncertainty

factors are considered conservative. The temperature distributions

based on nominal calculations (without uncertainty factors) are considered

more representative of the conditions expected to exist within the reactor.
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Based on the above considerations, each type of fuel and blanket
element is designed to cool under the most severe conditions of exposure.
The most severe conditions within the various reactor zones occur at: core
(and upper blanket), 4th row, R = 13.9 cm; inner blanket, 6th row, R = 23.2 cm;
and outer blanket, 8th row, R = 33.3 cm. These are the "hottest channel"
locations. The axial power density distributions at these locations and at the
core centerline are shown in Fig. 42.

Radial temperature distribution through the "hottest channel"
fuel element at the point of maximum fuel alloy temperature in the core is
shown in Fig. 43. Also shown is the radial temperature distribution through
a core centerline fuel element at the point of its maximum fuel temperature.

For each case, the same distribution, but with uncertainty factors included,

is indicated. For the latter distributions, the total temperature increase

calculated by the square root of the sum-of-the-squares method has been

apportioned among the individual nominal temperature rises by direct ratio.

Wherever in this report individual temperature rises (with uncertainty
factors included) are indicated, they have been established in this way.

Axial temperature distributions through the fuel alloy (or blanket

uranium) and through the coolant of the "hottest channel" within the core
and upper blanket, inner blanket, and outer blanket, are shown in Figs. 44,

45, and 46, respectively.

The power output per subassembly for the hottest and the
average subassembly of each row is shown in Fig. 47. The coolant flow rate

per subassembly for each row is shown in Fig. 48. This flow rate distribu-
tion has been verified by full-scale, water model tests on individual sub-
assemblies and by six-tenths-scale, water model tests simulating the
complete reactor (Appendix C). The mixed mean coolant temperature rise
through the hottest and the average subassembly of each row is shown in
Fig. 49.

Table X lists pertinent heat fluxes, coolant flow rates, and

temperatures calculated for the hottest channel within the core, upper
blanket, inner blanket, and outer blanket, without uncertainty factors.
Table XI lists the corresponding data with uncertainty factors.

The information in Tables IX, X, and XI, and the power density

distributions in Figs. 41 and 42 are based on fuel and blanket elements

as described in Sections III.A.1.c., d., and e., and shown in Figs. 7, 8, 9,
and 10.
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Table I

SUMMARY OF THERMAL ANALYSES RESULTS FOR MAXIMUM TEMPERATURE REGION OF CORE AND BLANKETS
(No Uncertainty Factors Included: Reactor Power • 62.5 Mwl

Core Upper
Blanket

Inner
Blanket

Outer
Blanket

Heat Flux at Element Surface, Btul(hr)(0)
Maximum in Zone 929,000 ,105,000 294,000 57,400
At Point of Maximum Uranium Temperature 571,000 84,800 279,000 <300

Coolant Flow in Hottest Subassembly
Flow Rate, gpm (Na at 8000F) 93.7 93.7 31.0 5.9
Flow Velocity (avg.), fps 15.8 14.2 19.3 4.2

Temperatures in Hottest Channel, OF
Uranium, Maximum 1,213 1,051 1,100 931
Coolant, at Outlet 1,037 998 906 931
Coolant, at Inlet 705 993 700 700
Coolant Temperature Rise, Inlet to Outlet 332 5 206 231
Coolant, at Point of Maximum Uranium Temperature 1,022 993 831 931

Temperature Rises in Hottest Channel at Point of
Maximum Uranium Temperature, OF
Through Uranium 105 33 186
Through Uranium-Sodium Interface 7 1 4
Through Sodium "Bond" Layer 8 2 10
Through Sodium-Clad Interface 6 1 4
Through Clad 39 15 52
Through Coolant Film 26 6 13
Total Element Temperature Difference 191 58 269

Note: "Uranium" here means fuel alloy or blanket uranium, as appropriate.

Table 11

SUMMARY OF THERMAL ANALYSES RESULTS FOR MAXIMUM TEMPERATURE REGION OF CORE AND BLANKETS

(Including Uncertainty Factors; Reactor Power • 62.5 Mwl

Core
Upper
Blanket

Inner
Blanket

Outer
Blanket

*Heat Flux at Element Surface, etuithrlIft2)
Maximum in Zone 929,000 105,000 294,000 57,400
At Point of Maximum Uranium Temperature 571,000 84,800 279,000 < 300

*Coolant Flow in Hottest Subassembly
Flow Rate, gpm (Na at 800oF) 93.7 93.7 31.0 5.9
Flow Velocity (avg.), fps 15.8 14.2 19.3 4.2

Temperatures in Hottest Channel, of
Uranium, Maximum un 1,090 1,154 1 958
Coolant, at Outlet 1,075 1,032 930 958
Coolant, at Inlet 705 1,027 700 700
Coolant Temperature Rise, Inlet to Outlet - 370 5 230 258
Coolant, at Point at Maximum Uranium Temperature 1,058 1,027 849 958

Temperature Rises In Hottest Channel at Point at
Maximum Uranium Temperature, °F
Through Uranium 117 36 210
Through Uranium-Sodium Interface 8 1 5
Through Sodium "Bond" Layer 9 2 12
Through Sodium-Clad Interface 7 1 5
Through Clad 44 16 58
Through Coolant Film 28 7 15
Total Element Temperature Difference 213 63 305

*No uncertainty factors Included.

Note: "Uranium" here means fuel alloy or blanket uranium, as appropriate.
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The following reactor conditions, thermal property values, and heat
transfer assumptions were employed:

Reactor Conditions:

(1) Nominal (67-subassembly) core.
(2) Full reactor power, 62.5 Mw.
(3) Full coolant flow through reactor, 9,000 gpm.
(4) Distributions of power and coolant flow rate per

subassembly as described above.
(5) Coolant temperature at inlet to reactor, 700°F.

Thermal Properties:

(1) Thermal Conductivities  (at operating temperature of
hottest fliel or blanket element):

Conductivity,
Material Btui(hr)(ft)(°F)

Fuel Alloy (5 wt-% fissium)
Blanket Uranium
Stainless Steel, AISI Type 304
Bond Sodium

*From Reference 13.
**From Reference 14.

19.8*
21.0*
11.5**
40.3

(2) Coolant (Sodium) Thermal Properties: Taken from
the Liquid-Metals Handbook.15

Heat Transfer Assumptions:

(1) Sodium heat transfer coefficients based on the relation
suggested by Monson:16

Nu = 2.3 + 0.23(Pe)"

(2) All heat is generated within the fuel alloy or blanket

uranium.

(3) Uniform rate of heat generation per unit volume

throughout a given cross section of a fuel pin or blanket pin.

(4) No axial heat conduction.

(5) No radial heat conduction between subassemblies.

(6) Interfacial conductance between sodium bond and

clad or fuel is 100,000 Btui(hr)(ftz)(°F).
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(7) The coolant mass flow rate associated with each
peripheral fuel element of a core subassembly is 1.36 times the average
flow rate per element for that subassembly, and for all other elements,
about 0.82 times the average (see Appendix C).

(8) Coolant temperature at inlet to the hottest channel of
the upper blanket is equal to the average coolant temperature at outlet
from the core section of the subassembly plus one-third of the amount by
which the core section hottest channel outlet temperature exceeds the
average (this is a quantitative estimate of the effectiveness of coolant
mixing between exit from the core and entrance to the upper blanket).

Principal reactor temperatures for core configurations of
other than 67 subassemblies are presented in Appendix J. In general,

maximum temperatures in each row of the core and upper blanket increase

slightly as the core is made smaller, and decrease somewhat as it is made
larger. The inner and outer blanket maximum temperatures do not follow
such a trend, but are of acceptable magnitude for all loadings investigated
(61-73 subassemblies).

4. Power Cycle Operating Conditions

The contemplated steady-state operating temperatures and
coolant flow rates in the principal heat transfer systems at full power are
shown in Fig. 3, and are discussed below.

a. Primary System

The primary sodium coolant flow rate through each of the
main primary pumps is approxiinately 4,670 gpm (based on sodium at
800°F); total flow is 9,340. The flow separates into two, streams before
entering the reactor lower plenums: a high-pressure stream flows to the
plenum supplying the core and inner blanket, and a low-pressure stream
(pressure reduction being effected by throttling valves in the inlet piping)
flows to the plenum supplying the outer blanket. Flow  through the reactor
totals 9,000 gpm;'the remaining 340 gpm represents leakage at various
points back to the bulk sodium. All coolant passing through the reactor
merges within a common upper plenum and then flows toward the heat
exchanger. The temperatures are 883°F at the reactor outlet, and 880°F at
heat exchanger inlet (reflecting heat loss to the bulk sodium). Because of

additional leakage, only 8,865 gpm flows through the heat exchanger, return-
ing to the bulk sodium with a temperature slightly different from that of the

bulk sodium. This temperature differenCe is required to maintain the bulk

sodium temperature constant at 700°F because of extraneous heat losses

and gains by the bulk sodium; e.g., losses to shield cooling air, instrument

thimble cooling air, and sodium purification system, and gains from the

reactor outlet pipe and from leakage of high temperature coolant.
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Table XII.
The primary system coolant flow rates are summarized in

Table XII

SUMMARY OF PRIMARY COOLANT FLOW RATES

(in gpm; evaluated at 800° F)

From Pumps (each pump, 4,670 gpm) 9,340

Leakage at Pump Disconnects 10
Leakage at Throttling Valves 25

35

Into Reactor Lower Plenums 9,305
Leakage Past Core Subassembly Adaptors 75
Leakage Past Control and Safety Subassembly Adaptors 125
Leakage Past Inner Blanket Subassembly Adaptors 105

305

Through Reactor 9,000
Through Core, Control and Safety, and Inner Blanket Subassemblies 7,620
Through Outer Blanket Subassemblies 1,260
Through Clearances Between Subassemblies 30
Through Control and Safety Subassembly-Thimble Clearances 75
Through Grid Structure, Vent Holes, and Neutron Shield 15

9,000

Leakage Past Reactor Cover, Bearings, Flange, etc. 105

To Heat Exchanger 8,895
Leakage at Heat Exchanger Inlet 30

Through Heat Exchanger 8,865

The primary system coolant pressure drops are as follows:

Pump outlet to reactor inlet Z.8 psi
Reactor inlet to high pressure plenum (at Row 7) 1.4
High pressure plenum to upper plenum (at Row 7) 40.8
Upper plenum to reactor outlet nozzle 1.2
Reactor outlet nozzle to heat exchanger inlet 6.4
Heat exchanger inlet to outlet 3.4

Total for primary flow system 56.0 psi

The first three 'pressure drops apply only to the high-pressure stream.
For the low-pre'ssure stream, the pressure drop from pump outlet to
low-pressure plenum is .39.1 psi, and from low-pressure plenum to upper
plenum, 3.9 psi.

Since the pressure of the primary tank blanket gas is only
a few inches of water above atmospheric and the static head of the coolant
is small, the maximum pressure in the primary cooling system is less
than 65.psig.
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b. Secondary System

A secondary system flow rate of 5,890 gpm is provided by
the main a-c linear.electromagnetic pump located in the Sodium-Boiler
Plant Building. The coolant flows from the pump to the tube side of the
heat exchanger, entering the exchanger at 588°F and leaving at 866°F. It
then flows to the superheater and, because the heat loss in the connecting
piping is negligible, enters at 866°F. The coolant leaves the superheater
at 794°F and, after passing through the evaporator, returns to the main
pump at 588°F.

Pressure drop through the heat exchanger is 5.2 psi, and
through the superheater plus evaporator, about 6.8 psi. Approximate pres-
sure drop through all connecting piping and fittings is 34.0 psi, so that total
pressure drop in this system is about 46.0 psi. Since the inlet side of the
pump is maintained at a pressure of 10 psig by the argon blanket gas in the
secondary system sodium expansion tank, maximum pressure in the second-
ary system is less than 60 psig. Pressure in the secondary side of the heat
exchanger, however, is substantially greater than in the primary side; if
leakage were to develop within the heat exchanger, leakage flow would be
in the direction from secondary system to primary system, and radioactive
sodium would not enter the secondary system.

4111 c. Steam System

e

Minor revisions have been made to the steam system. The
final flow diagram is shown in Fig. 3.

C. Steady-State Operation at Three-Fourths Power

The general criteria for determination of the maximum power level
at which the reactor may be operated safely are unchanged [Pages 86-87].
However, additional thermal cycling and irradiation damage data on 5 wt-%
fissium allay specimens of EBR-II fuel pin diameter have been accumulated.
These data (Appendix A) indicate that: 500 slow thermal cycles between
1238°F and 698°F (670-370°C) cause negligible change in diameter and less
than 1.4% change in either length or density. Also, 1 at-% local burnup at
temperatures up to 1166°F (630°C), with moderate thermal cycling and
fission rate densities from 7 to 11 x 103 F/(cc)(sec) effects a 9% (or less)
change in volume. Since these test conditions approach anticipated full-
power operating conditions, and because the EBR-II fuel elements incorporate
a sodium bond .annulus equivalent in volume to more than 16% of the fuel
volume which is available for accommodation of fuel growth, it is concluded
that a local burnup of at least 1 at-% can be realized safely. The calculated
maximum fuel alloy-clad interface temperature at full power is now higher:
1113°F without, and 1159°F with uncertainty factors. Since the uranium-iron
eutectic melting point is 1340°F, this is considered an adequate margin of
safety.
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However, to be conservative with respect to the above considerations,
initial operation of the EBR-II will be confined to power levels of 45 Mw or
less, with consequently reduced fuel element operating temperatures. More-
over, frequent removal of subassemblies for examination of fuel elements
at various degrees of burnup is contemplated during initial operation. In
subsequent operation, the power level will be increased gradually to permit
evaluation of the effect of increased temperatures. It is thought that this
testing procedure on temperature and burnup effects (and, indirectly, on
degree of manifestation of uncertainty factors) will permit operation at full

power.

This section describes the contemplated operating conditions of the
power system at 45.0 Mw, or approximately three-fourths full power.

1. Flux Distributions 

Neutron flux distributions are the same as described in Sec-
tion IV.B.1. for the full-power case except that all magnitudes are reduced
in the ratio of 45.0 to 62.5 Mw.

Z. Reactor Heat Generation Distributions

Heat generation distributions are the same as described in

Section IV.B.Z. for the full-power case except that all power and power den-

sity magnitudes are reduced in the ratio of 45.0 to 62.5 Mw.

3. Reactor Temperature Distributions 

The primary coolant flow rate to be used at 45.0 Mw is

6,550 gpm, as shown in Fig. 30. The reactor coolant outlet 2. mperature is

882°F, from the same figure.

Location of the hottest channel in each reactor zone is the same

as for the full-power condition (62.5 Mw).

Radial. temperature distributions through the core hottest

channel fuel element and through a core centerline fuel element at the point

of maximum uranium temperature are shown in Fig. 50.

Axial temperature distributions of the fuel alloy (or blanket

uranium) and of the coolant of the hottest channel within the core, inner

blanket, and outer blanket are shown in Figs. 51, 52, and 53, respectively.

The power output per subassembly for the hottest and the

average subassembly of each row is the same as indicated in Fig. 47 except

reduced in magnitude in the ratio of 45.0 to 62.5 Mw. The coolant flow rate

per subassembly for each row is essentially the same as shown in Fig. 48 ex-

cept reduced in magnitude in the ratio of 6,550 to 9,000 gpm. The exact flow

rate distribution will deviate slightly from this ratio because of differences in
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5

flow characteristics among the several types of subassemblies in the reactor;
consequently, flow rates are not reduced in precisely the same ratio. The
mixed mean coolant temperature rise through the hottest and the average
subassemblyof eachrow is essentially the same as shown in Fig. 49 except
altered by the ratios 45.0 Mw to 62.5 Mw, and 9,000 gpm to 6,550 gpm, or by
a factor of about 0.99. The exact coolant temperature rises will differ
slightly because of the flow distribution deviation described previously.

Table XIII lists pertinent heat fluxes, coolant flow rate, and tem-
peratures, calculated for the hottest channel within the core, upper blanket,
inner blanket, and outer blanket, without uncertainty factors. Table XIV
gives the corresponding data with uncertainty factors.

Table 101

SUMMARY OF THERMAL ANALYSES RESULTS FOR MAXIMUM TEMPERATURE REGION OF CORE AND BLANKETS

(No Uncertainty Factors Include* Reactor Power • 45.0 Men

Core
Upper
Blanket

Inner
Blanket

Outer
Blanket

Heat Flux at Element Surface, Btullhrlift2)
Maximum In Zone 669,000 75,400 212,000 41,300
At Point of Maximum Uranium Temperature 377,000 61,000 192,000 <200

Coolant Flow in Hottest Subassembly
Flow Rate, gpm (Na at 8020F) 68.2  682 22.6 4.3
Flow Velocity tan.), fps 11.5 10.3 13.9 3.0

Temperatures in Hottest Channel, of
Uranium, Maximum 1,160 1,032 1,024 929
Coolant, at Outlet 1,033 995 904 929
Coolant, at Inlet 705 990 700 ?CO
Coolant Temperature Rise, Inlet to Outlet 328 5 204 229
Coolant. at Point at Maximum Uranium Temperature 1,033 990 838 929

Temperature Rises in Hottest Channel at Point at
Maximum Uranium Temperature, of
Through Uranium 69 24 128
Through Uranium-Sodium Interface 5 1 3
Through Sodium "Bond" layer 5 1 7
Through Sodium-Clad Interface 4 1 3
Through Clad 26 11 35
Through Coolant Film 18 4 10
Total Element Temperature Difference 127 42 186

Nola "Uranium" here moans lust alloy or blanket uranium, as appropr ate.

Table=

SUMMARY OF THERMAL ANALYSES RESULTS FOR MAXIMUM TEMPERATURE REGION OF CORE AND BLANKETS

(Including Uncertainty Factors:- Reactor Power • 45.0 MINI

Cora Upper
Blanket

Inner
Blanket

Outer
Blanket

•Heat Flux at Bement Surface, itifittnalli
Maximum In Zone 669,010 75,400 212.003 41.300
At Point of Maximum Uranium Temperature 177,000 61,000 192,000 <200

•Gielant Flow in Hottest Subassembly
Flow Rata, gpm Oka at 8020F) 68.2 68.2 22.6 4.3
Row Velocity Wm.), fps 113 10.3 13.9 3.0

Temperatures in Hottest Channe4.0F
Uranium, Maximum 1.211 1.069' 1,059 954
Coolant, atOutid 1,071 1,027 927 954
Coolant, at Inlet 705 1,022 700 700
Coolant Temperature Rise, Inlet to Outlet '366 5 227 254
Coolant, at Point at Maximum Uranium Temperature 1,070 1,022 850 954

Temperature Rises to Hottest Channel et Point at
Maximum Uranium Temperature. of

Through Uranium 76 27 144
Through Uranium-Sodium inertia 5 1 3
Through Sodium "Bond" Paget' 6- 1 8
Through Sodium-OW interface 5 1 3
Through Clad 29 12 40
Through Coolant Film 20 5 11
Total Element Temperature Difference 141 47 209

•No uncertainty factors Included.
Nat "Uranium" hero means fuel alloy or blanket uranium, as appropriate.
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Principal reactor temperatures for core configurations of other
than 67 subassemblies are presented in Appendix J.

D. Pre-Operational Testing and Experiments

1. Mechanical, Hydraulic, and Miscellaneous Testing

Various components in the EBR-II system have been (or will be)
tested under a variety of conditions prior to power operation. Many of these
pre-operational tests are related to the sequence of plant operations re-
quired prior to operation at power. The significant operational sequences
relate to the reactor and primary system and include: preparations for the
Dry Critical Experiments; the Dry Critical Experiments; primary tank ele-
vated temperature test; sodium filling; sodium cleanup and system testing;

preparations for Wet Critical Experiments; and Wet Critical Experiments.

The various components and systems have been (or will be)
tested at one or more times during these plant operktional sequences.

a. Control Rod Drives 

Extensive testing was performed on a variety of experimen-
tal and prototype control rod drive units during their development. In addi-
tion, one of the fourteen actual production units was selected and extensively
tested. These tests were performed in ambient air and under simulated
reactor system environmental conditions (Appendix B).

Each of the twelve control rod drives installed in the EBR-II
was tested at room temperature by the fabricator under Laboratory direction
prior to shipment to the construction site. After final installation in EBR-II,
all of the drive functions of each of the twelve control rod drives were
thoroughly tested, including:

(1) Scram action (release, dashpot operation, oil pressures,

accumulator tightness, check valve operation, etc.).

(2) Drive travel (direction, smoothness, limit switch

actuation, position readout, etc.).

(3) Gripper operation (engage-disengage action).

(4) Gripper engage safety function (prevents accidental

disengagement of the drive gripper from control rod at other than the full

"down" position).

(5) Gripper sensing (provides positive indication that a

control rod is actually engaged when the gripper is in the "engaged"

position).
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All of this testing has been conducted using the permanently
installed instrumentation and control system, with most of the initiating
actions performed from the control room. All of these tests were performed
at room temperature prior to the Dry Critical Experiments.

During the Dry Critical Experiments, the entire control sys-
tem was operated and the control rod drives were required to function many
times. The latter operations included the disconnect functions prior to fuel
handling and the re-engagement following fuel handling (since many fuel
loading steps were required). In addition, a system check-out was performed
daily; this check-out included individual operation and scram tests on each
drive.

After the primary tank has been filled with sodium, the

operational tests of the control drives will be repeated, both in preparation
for Wet Critical Experiments and during the conduct of those experiMents.
These tests will include operation of the units in sodium at temperature
(600°F-700°F), both with and without sodium flow through the reactor. In
addition to the functional testing, time-displacement data during scram will
be verified again.

b. Safety Rod. Drive

The safety rod drive mechanism (with simulated safety rod
loads) was completely assembled and tested at room temperature (as
described in Appendix B) prior to shipment to the construction site. After
final installation in the system, this testing was repeated with the actual
safety rods attached and included all the drive functions, i.e., scram action
(release, dashpot operation, etc.), and drive travel (direction, smoothness,
limit switch actuation; position indication, etc.). This testing was conducted
using the permanently installed instrumentation and control system.

...!
The above tests were performed in preparation for the Dry

Critical Experiments and, as in the case of the control rod drives, were
repeated many times during the conduct of the experiments and in the daily
check-out procedures.

After sodium filling, the tests will be repeated and will

include verification of time-displacement characteristics in sodium. This

system also will be operated extensively prior to, and during the Wet
Critical Experiments.

c. Instrumentation and Circuitry

All oldie circuitri including relays,, interlocks, etc.,

associated with the various components .and systems have been tested in

conjunction with the system tests. In additions each channel of the nuclear
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instrumentation was tested extensively in preparation for the Dry Critical
Experiments, both external to the system and after installation. The most
significant tests of these channels occurred during the Dry Critical Experi-
mental Program: all of the normal instrumentation, including trip circuits,
were operated in conjunction with special in-core instrumentation. The
various trip circuits were included in the daily check-out, and were, there-
fore, operated many times.

The various circuit components and controls will be contin-
uously checked and tested parallel with the testing of systems and compo-
nents. The nuclear instrumentation tests will be repeated after sodium
filling in preparation for, and during the Wet Critical Experiments.

d. Fuel-Handling System

The fuel-handling system consists of the components involved
in the movement of subassemblies between the reactor and storage rack
within the primary tank. The major components of this system include: the
control rod drive lifting platform (involved in the disengagement of the drives
from the rods); the reactor vessel cover lock and lifting mechanisms (re-
quired to permit access to the reactor); the gripper and holddown mechanism;
the large and small rotating plugs; the transfer arm, the storage rack; and
the fuel-handling console. Operation of this system, as described in Sec-
tions III.A.7. and IV.J., requires accurate positioning and alignment of the
various system components to assure positive and reliable mating of the
components at each of the transfer and engagement points in the transfer

process.

Most of the components were completely tested after assem-
bly either at the Laboratory or at the fabricator's plant. In addition, many
of the special features of the components were tested extensively in experi-
mental systems or prototype components. These include the compression-
type packing seals employed on the gripper, holddown and storage basket
drive shafts, and the frozen seals employed on the two rotating plugs. These
tests are described in Appendix B.

After final installation in the system, each component was
tested independently, including the performance of all prescribed functions.
This was accomplished initially with the use of temporary control panels
which permitted independent operation of each mechanism. After each com-

ponent was tested in this manner, operation of each unit was repeated both

independently and as a part of the integral system, using the control system
as permanently installed in the fuel transfer console and as normally re-

quired for fuel-handling operations. A number of complete transfer cycles

of prototype subassemblies between the storage rack and various subassembly

positions within the reactor were effected during.this pre-operational

check-out.
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The above testing program was performed in preparation
for the Dry Critical Experiments. During the conduct of the Dry Critical
Experiments, including the initial loading to criticality, the fuel-handling
system was used routinely in effecting reactor loading. (The storage rack
was not employed during the. Dry Critical Experiments; the loading and
unloading operations bypassed this step in the fuel-handling cycle and sub-
assemblies were loaded manually through the transfer port to the transfer
arm.) All of the operations involved in preparing the system for fuel
handling (disconnecting and raising control rod drives, raising the reactor
cover, etc.), and for restoring the system to the reactor operating condition,
were repeated many times during the approach to critical and during the
experiments. All normal functions involved in the fuel-handling sequence
were performed with the exception of melting the frozen seals on the two
rotating plugs. (The seals were not filled for these experiments.)

Operation of .the complete fuel-handling system was again
tested (including the frozen seals on the rotating plugs) during the elevated
temperature test. After sodium filling, the tests will be repeated in sodium
at 600°F-700°F preparatory to the Wet Critical Experiments. During the
approach to wet critical, and during the experimental program, operation
of the fuel-handling system, of necessity, will be repeated many times.

e. Fuel Unloading and Interbuilding Transfer Systems

The fuel-unloading system involves the movement of sub-
assemblies into and out of the primary tank, between the storage rack and
the interbuilding coffin. The interbuilding fuel transfer system effects
transfer of subassemblies between the Reactor Plant and the Fuel Cycle
Facility. The major components of these systems include: the storage
rack,. the transfer arm, the fuel transfer port, the fuel-unloading machine
(with dolly), the interbuilding Coffin, and the equipment air lock (with
dolly). Operation of the systems as described in Sections III.A.7., III.A.9.,
and IV.J., requires the accurate alignment of several of the system com-
ponents, in particular, the storage rack, the transfer arm, and the fuel
transfer port.. It should be noted that the transfer arm is the component
which interconnects the "fuel-handling" and the "fuel-unloading" systems.

In addition,, these systems require the reliable operation
of auxiliary systems, particularly the argon cooling systems of the trans-
fer port, fuel-unloading machine, and interbuilding coffin (for removal of

fission product decay heat from the subassemblies). It is during fuel un-

loading that cooling of the subassemblies is shifted from sodium to argon

gas (and vice versa).
if

Most of the components comprising these systems have

been tested extensively after assembly, either at the Laboratory or at the

fabricator's plant prior to shipment to the construction site. Neither
2
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system was utilized during the Dry Critical Experiments; a manual loader
.was used in place of the fuel-unloading machine. The fuel-unloading ma-
chine performs a much more complex function and has been tested exten-
sively at the Laboratory, including simulated system environmental testing
as described in Appendix B.

After sodium filling, the fuel-unloading system and the inter-

building transfer system will be tested first with dummy subassemblies and
then with prototype subassemblies. All operational conditions will be simu-
lated with the exception of internal heat generation within the fuel. Measure-

ments of gas flow, etc., will be made to insure that adequate heat removal

capability does exist for fission product decay cooling of irradiated

subassemblies.

f. Subassembly Basin

Although virtually no possibility exists that a subassembly
could be dropped accidentally within the primary tank during transfer opera-

tions, a "subassembly basin" has been incorporated to provide additional

safety in such an event. The function of this basin (see Section III.A.7.a.) is

to guide a dropped subassembly into a position in which it will be adequately

cooled by natural convection until retrieved. The system has been tested

by deliberately dropping a number of dummy subassemblies from various

positions (within the range covered by the basin), to ensure that the subassem-

bly comes to rest in the correct position and with the correct (vertical) atti-

tude. Actual retrievals through the primary tank access plug directly above
the subassembly position were not made, since it is not intended to devise

retrieval gear unless this unanticipated accident actually occurs.

g. Primary Tank Cover Deflection

The normal operating temperature of the primary tank
bulk sodium is 700°F. Under this condition, a significant heat loss occurs

through the tank cover and its associated nozzles to the biological shield

cooling system air. This heat loss is accompanied by production of a tem-

perature differential across the tank cover structure of such sign as to

produce downward bowing of the cover. Such bowing, in turn, tends to tilt

the cover nozzles so that the lower end of mechanisms extending through

them into the primary tank tend to move slightly radially outward. In the

case of most nozzles, such movement is of no consequence. It is possible,

however, that if the movement were sufficiently large, certain components

suspended from nozzles (or from the bottom plate of the cover), might be

undesirably affected either from the standpoint of alignment, or of .increase

in stress level. Because of the extremely complex configuration of the pri-

mary tank cover structure and its integral nozzles, the effective magnitude

of the temperature differential, and therefore of the bowing deflection,
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cannot be calculated accurately. Accordingly, the actual deflection exhibited
with the tank at temperature (300°F-350°F) was measured during the elevated
temperature test prior to sodium filling. Small electric heaters have been
incorporated on the top flanges of the cover structure radial beams and are
available to reduce the effective temperature differential and to minimize or
eliminate excessive bowing, should they be needed. The heaters were
operated during the elevated temperature test and produced the anticipated
reduction in temperature differential in the structure.

h. Primary Tank Leakage

Prior to sodium filling, helium will be introduced into the
primary tank and a careful inspection for leakage made at the rotating plug
seals, at all primary tank nozzles, and at all other potential sources of future
blanket gas (argon) leakage.

i. Sodium Cleanup System

The sodium cleanup system (cold trap) will not be tested
prior to sodium filling; however, the system design is based on that used
for more than six years on the EBR-II, 5,000-gallon model test sodium sys-
tem. Although the design is based on an oxide capacity to meet operational
requirements for an estimated ten years, a.temporary cold trap system will
be employed to remove the oxide contamination following initial filling. When
the bulk of the initial contamination has been removed by this temporary
system, operation will be shifted to the permanent cleanup system. During
this period, testing of the purification system plugging meters, sodium
sampling and analysis procedures, will be effected. Subsequent operation
of the system will be intermittent or continuous as experience indicates to
be necessary.

j. Argon Purification System

Simultaneous with the sodium cleanup process, the complete
argon purification system will be tested with respect to all of its functions.

k. Primary and Auxiliary Sodium Pumps

The two primary sodium pumps and the d-c electromagnetic

auxiliary pump will be tested after sodium filling. The actual system head
versus flow rate characteristics will be determined. The flow decay constants

exhibited upon cessation of pumping power will be obtained. The complete
pump control system. including the maximum rate of change of flow rate

limitation feature, will be checked out.

The primary sodium pumps were given a conventional

hydraulic test with water at the fabricator's plant. Their design is based
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on a 5,000-gpm prototype pump which was operated with sodium at the Labo-
ratory for more than three years. During this period, the pump accumulated
more than 16,000 hours of operation, and more than 250 starts. A prototype
of the d-c auxiliary pump also was thoroughly tested at the Laboratory, in-
cluding the determination of performance characteristics. These tests. will
be repeated on the installed unit.

1. Shutdown Coolers

Design and operation of the shutdown cooler system is
relatively uncomplicated since no pumps are employed, only a minimum con-
trol system is required, and the duty requirements are not critical. Never-
theless, each shutdown cooler will be tested to determine the minimum and
maximum capacity exhibited, and to assure proper functioning of the damper
control system.

m. Shield and Instrument Thimble Cooling Systems

The operation of these systems, which were tested upon
completion of construction, will be rechecked and readjusted to: (1) obtain
optimum balancing of flow; (2) determine blast shield and biological shield
(including primary tank support structure) temperature distributions;
(3) check nuclear detector normal ambient temperatures; and (4) determine
nuclear detector ambient temperature fluctuations occasioned by system
power switch-over to the emergency generator upon failure of building
power.

n. Primary System Heat Balance

With the primary tank at elevated temperature, tests will
be conducted to determine the magnitudes of the major parasitic heat losses
from the primary tank. This information will assist in subsequent deter-
mination of actual reactor power level by heat balance methods. The prin-
cipal heat losses to be evaluated are those to the shield cooling system, the
instrument thimble cooling system, the sodium purification system, the
shutdown coolers, and the secondary system (via the heat exchanger).

o. Building Isolation System

The Reactor Plant Containment Vessel contains numerous
penetrations to accommodate air ducts and pipes. Most of these ducts and
pipes are equipped with one or more fast-acting valves which are automat-
ically closed in the event of a nuclear incident.

Closure of the valves is initiated by a sensing of high

radiation level or high pressure or temperature within the building, or of
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high coolant temperature at core subassembly outlets in the reactor. With
the valves in the closed position, the Containment Vessel with its penetra-
tions constitutes an essentially leaktight envelope surrounding the entire
Reactor Plant.

The complete isolation system was carefully tested prior to
the start of the Dry Critical Experiments; each valve was checked to see
that it was in the closed .position subsequent to manual tripping of the system
control circuit. (All valves were. tested for leaktightness after completion
of construction.)

Prior to the Wet•Critical Experiments, the building isolation
system will be tested again to assure proper operation. Each of the sensing
devices provided for tripping of the system (high radiation•level, high build-
ing pressure or temperature, and high reactor coolant temperature) will be
checked.

p. Power Systems

A similar test program will be conducted on the components
and sub-systems comprising the power system.

Very, little operational testing can be accomplished on the
secondary sodium system•prior to filling with sodium. After filling, the
cleanup system (cold trap) will be operated to remove initial contamination.
Because of the extensive piping involved, the sodium may be drained into the
storage tank and the system refilled several times to enhance cleanup.
After the system is clean, the pump will be operated and flow instrumentation,
etc., will be tested.

The steam system will be tested concurrently with the testing
of the secondary system. The steam system is a relatively conventional
system constructed of conventional materials (2.25% chrome-moly); it will
be cleaned, and made operational in accordance with standard power plant
practice.

The turbine-generator has been operated on 175-psi plant
(heating) steam. The turbine control operation and generator synchronization

have been tested at low load. Similarly, the cooling water system, cooling

tower, and substation operation have been tested.

2. Wet Critical Experiments

Following sodium filling, sodium cleanup and systems testing,

the reactor will be loaded to. critical. :This phase of operations is identified

as the Wet Critical. Experiments because it is performed in sodium (wet),

a
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and to differentiate it from the Dry Critical Experiments which were per-
formed prior to sodium filling. In many aspects, both series of experiments
are similar, follow similar procedures, have similar objectives, and produce
similar data. The Dry Critical Experiments and their results are described
in Appendix L.

The Wet Critical Experiments will be conducted with the reactor
and primary system essentially in normal operating condition; however, as
was the .case with the Dry Critical Experiments, certain plant changes will
be required. These include:

(1) The interlocks requiring sodium flow, and those requir-
ing a specified amount of sodium flow related to a steady power level of
operation, will be bypassed.

(2) Power-level-trip settings for Reactor Operation will be
<60 kw.

(3) Special high-sensitivity BF3 counters (Channels G and H)
will be employed to assure adequate response at source level and low multi-
plication. These were tested relative to in-core instrumentation during the
Dry Critical Experiments (see Appendix L).

Except for these modifications (and certain precautions relating
to the secondary system, steam system, etc.), the reactor system will be in
normal operating condition; 'i.e., the shutdown Circuits for Reactor Operation
and Fuel Handling will be operative; sensing, indicating, and recording instru-
mentation will be operative as appropriate; the building containment and
isolation systems will be operative, etc.

The approach to critical and initial critical experiments will be

performed with no sodium flow. Most subsequent measurements will require
no sodium flow; however, flow will be required for two distinct investigations
during these experiments. It will be most important•to determine whether
there is a significant reactivity effect associated with increasing or decreasing
coolant flow. Furthermore, it will be of some interest to compare certain

reactivity measurements (i.e., control rod calibrations) made with and without

sodium flow.

The Wet Critical Experiments will include:

(1) Neutron source and subcritical instrument response.

(2) The critical approach.
(3) Reactivity measurements.

(4) Preliminary power calibration and neutron flux

distributions.
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Some of the experiments outlined below are deemed essential
to, and will be performed prior to, the approach to power. Others, mainly
concerned with flux distribution and the detailed material replacement
experiments, may be performed either before, during, or after the approach
to power. However, all the experiments are low-power (<10 kw)
investigations.

a. Neutron Source and Subcritical Instrument Response

The relationship between neutron source strength and low-
power instrument response is important to the conduct of the Wet Critical
Experiments and to the basic reactor system as it relates to normal fuel-
handling procedures. The Dry Critica,1 Experiments developed very useful
data relating to neutron source strength and low-power instrument re-
quirements. These experiments, in conjunction with measurements made
on the ZPR-III mock-up of EBR-II, will provide, a basis for approach to wet
critical. The start of core loading is an important check point in this
sequence. At that time, the reactor grid plate is completely filled. The
61-subassembly core region is filled with dummy steel subassemblies,*
natural uranium subassemblies,** and control and safety rod thimbles.
Both the inner and outer blanket regions are loaded with Inner 'Blanket and
Outer Blanket subassemblies. The twelve control rods and two safety rods,
containing a total of about 26.kg U235, will be loaded during this initial
sequence.

The provision for the two strong sources and one weak
source provided considerable flexibility during the Dry Critical Experiments.
This same flexibility will be provided during the Wet Critical Experiments.
The two strong sources will each have in excess of 400 curies of Sb activity.

The weak source activity will not exceed 75 curies. Additional flexibility is
inherent in the provision for relocating the neutron source radially relative
to the core. The strong neutron source (or sources) will be placed in
Sector E (Fig. 54) of the blanket. The source strength, multiplicity of sources
and location will be arranged so that:

(1) Startup channels G and H will each record more than
450 unmultiplied counts per minute (see Appendix L).

(2) Low-power channels 1, .2, and 3, will each record more

than 60  unmultiplied counts per minute (at a multiplication of less than ten,

the requirements of Table IV will be exceeded).

*These subassemblies contain only stainless steel. Their function is to

fill, the core region and provide a solid, tightly-packed system prior to

loading subassemblies containing enriched uranium. They are placed in

Rows 1, 2, 3, and 4 of the reactor'.

**These are core subassemblies containing natural uranium instead of

enriched uranium. They are placed in Rows 4 and 5 of the reactor.
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b. Approach to Critical

The procedures for Fuel-Handling and Reactor Operation
culminating in the wet critical reactor are similar to those successfully
Used during the Dry Critical Experiments. The only differences in pro-
cedures will involve the introduction and removal of subassemblies from
the primary tank because of the sodium, and the smaller loading incre-
ments of core subassemblies because the wet critical core is at least 20%
smaller than the dry critical core.

All enriched subassembly loading is by replacement. A
dummy steel, natural uranium core, or inner blanket subassembly must
be removed before a core subassembly or a sixth row, core-type subassem-

bly* may be inserted into the reactor grid plate. Only one reactor grid

plate position may be vacant at any time. (The only exception may occur
if it is necessary to replace a control or safety rod thimble. This replace-
ment is not anticipated during these experiments.)

Reactor criticality will be achieved by gradually raising
the control rods one at a time. Initially the reactor will be caused to
diverge by control rod insertion on a period of not less than 50 sec. After

the initial critical size has been experimentally determined, the loading
will be reviewed and altered, if necessary, to provide less than a dollar

(Ak/k Az 0.0072) of excess reactivity for the Wet Critical Experiments.

Comparison of the wet critical mass with the previously

measured dry critical mass will permit an evaluation of total sodium

reactivity.

c. Reactivity Measuiements

Reactivity effects will be measured to afford a means of

evaluating design parameters and to complete the understanding of the
neutronics. These measurements will include:

*A sixth row, core-type .subassembly is identical to a core subassembly
except that the lower adapter is designed to fit in the inner blanket zone
of the grid assembly. These subassemblies can be readily distinguished

from inner blanket subassemblies •by letter and number stamped on the
top end fixture, by weight, by lower adapter coolant openings, and by

inspection of upper blanket elements beneath the top end fixture. Never-

theless, the remote possibility of inadvertent interchange between sixth

row, core-type and inner blanket subassemblies dictates that the former

be subject to special handling. During these experiments, sixth row,

core-type subassemblies will be loaded from the operating floor di lb

to the reactor. They will not normally, reside in the storage rack

being initially inserted into the reactor.
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(1) Total reactivity worth of all twelve control rods.

(2) Total reactivity worth of two safety rods.

(3) Total reactivity worth of several single control rods.

(4) Incremental calibration of several single control rods.

(5) The isothermal temperature coefficient of reactivity.

(6) A static calibration of the oscillator rod.

(7) The measurement of the zero-power transfer function.

(8) The reactivity effect, if any, caused by varying the
coolant flow at zero power.

(9) The reactivity worth of core and blanket subassemblies
(replacement worth and relative to sodium).

(10) The reactivity worth of sodium as a function of
position.

The various rod calibrations are required to establish nor-

mal incremental reactivity worths for reactor operation, fuel-handling and
reactor shutdown. They are also required to provide a method of measuring
reactivity changes for experimental purposes; e.g., to determine the iso-
thermal temperature coefficient of reactivity.

The isothermal temperature coefficient is of operational as
well as of basic interest. It is needed to determine the reactivity associated
with the bulk sodium temperature of the primary system. It will provide a

basis for estimating and evaluating the power coefficient of reactivity. In
particular, comparison of the wet isothermal temperature coefficient with
that measured during the Dry Critical-Experiments provides a semi-
quantitative measurement of the sodium temperature coefficient under uni-
form heating.

The static calibration of the oscillator rod will be a "proof

test" of the design previously investigated during the Dry Critical Experiments.

The measurement of the zero power transfer function will be
a demonstration that the dynamic aspects of the oscillator rod and the dynamic

recording equipment meet design requirements.

No appreciable coolant flow reactivity effects are anticipated.

This will be determined by observing reactivity changes (if any) as a function

of coolant flow.

The reactivity worth of core and blanket subassemblies will

be measured to facilitate fuel-handling procedures when core and blanket

subassemblies undergo replacement.
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Detailed measurements of sodium worth as a function of
position will afford in-pile data for kinetic analyses.

d. Preliminary Power Calibration and Neutron Flux
Distributions 

A preliminary power calibration is necessary to permit
realistic, initial, power-level-trip settings. These settings will be revised
later by more precise heat balance measurements at substantial reactor
power. Low-power flux measurements will be performed.

The preliminary power calibration will be obtained by
irradiating a pair of highly enriched uranium foils placed at the core mid-
plane adjacent to the core boundary. The foils will be contained in a
specially-fitted inner blanket subassembly. During constant power (-100 w)

irradiation, the counting rates in Channels 1, 2, and 3, as well as the response
of the intermediate Channels 4, 5, 6, and 7, will be noted. Radio-chemical
fission analysis of the irradiated foils' will determine the total number of
fissions per unit time. Subsequently, this may be converted to reactor power
level. The results of this calibration may be compared with similar investi-
gations during the Dry Critical Experiments.

Flux measurements will be obtained by irradiating enriched
and depleted uranium foils and wires. These will be contained in subassem-
blies which are specifically designed for these low-power experiments. The
reactor core and blanket regions will be flux-mapped to afford complete
fission and fertile capture distributions. These results will be used to
provide a first estimate of the conversion ratio.

3. Approach to Power

The approach to power is defined as the operational steps or
sequences, and the experimental observations and measurements, involved
in raising the reactor and system power toward maximum design capability.
It is anticipated that this will be accomplished over.an extended period of

time, and that it may be interrupted by sustained operation at various inter-

mediate power levels. Although the time span and continuity of this opera-

tional phase are somewhat indefinite, it will begin following completion of
the Wet Critical Experimental Program, and will terminate when design
power operation is achieved.

In general, the approach to power consists of a sequence of

operations at increasing power levels which are intended to check or prove

that: (1) the reactor and the power system are stable in operation; and

(Z) the complete plant will operate in accordance with design objectives.
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Stability evaluations will be made by oscillator experiments
and the determination of transfer functions at several power levels. The
following "natural" power levels of operation will be required to achieve
specific system operational objectives:

Approximate
Power Level,

Mw Purpose

10 Place steam system in "normal" operation,* dump
steam in condenser.

30 Place complete power system in operation; i• _e•p
turbine-generator, etc.

45 "Three-fourths" power (see Section IV.C.).

62.5 Full power (see Section IV.B.).

*Below about 10% power (6 Mw), the steam system is operated on
the "startup feed-water pump;" above this power level the main
feed-water pumps are operative.

Table XV lists the tentative power levels and operating con-
ditions at which stability investigations are planned. (It should be noted
that results obtained during these investigations may indicate revisions
to these plans.)

Table XV

STABILITY INVESTIGATIONS DURING APPROACH TO POWER

Experiment
No.

Nominal
Power,
Mw

Per cent
of

Full Power

Nominal
Coolant

Flow.
gpm

Per cent of
Full Power
Coolant Flow

Approximate*
Reactor
Feedback
Ratio

1** < 0.5 —0 9,000 100 —0

Z 5 8 9,000 100 0.08
5 8 6,550 73 0.11

3 10 16 9,000 100 0.16
10 16 6,550 73 0.22
lot 16 3240 36 0.44

4 20 32 9,000 100 0.32
20 32 6,550 73 0.44
20 32 4,310 52 0.61

5 30 48 9,000 100 0.48
30 48 6,550 73 0.66
30t 48 4,310 52 0.93

6. 45 72 9,000 100 0.72
45t 72 6,550 73 0.98

7 55 88 9,000 100 0.88

8 62.51 100 9,000 100 1.00

*Reactor feedback ratio is estimated relative to full power - full flow condi-
tions; this approximate ratio is: per cent of full power/per cent of full
flow. Total power = 62.5 Mw; total flow = 9,000 gpm.

"For normalization purposes only (may be repeated periodically).

tPeriods of Sustained operation.
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At each power level, the reactor is first operated at 100% cool-
ant flow and then at reduced flow. At the power levels where sustained
operation is indicated (Experiment Nos. 3, 5, 6, and 8), the flow is reduced
to normal operational flow for that power as indicated. This provides the
proper temperature distributions to permit system operation as required to
accomplish the de.sired operational objectives.

The experimental operations involved in the approach to power
will be condudted with the plant in the normal operating condition (shutdown
circuits, containment, etc.). The level trips will be set for the appropriate
power level and all of the normal operational requirements for reactor
operation and fuel handling will be followed.

Various methods have been used to predict the kinetics of
EBR-I, Mark-III. The most successful method (see Section IV.I.5.) has
been applied to EBR-II. This analysis is used as an aid in determining the
initial power level to be used in the kinetic experiments. The initial power
and associated coolant flow are chosen so that the amplitude of the reactor
transfer function is predicted to be about 8% different from that of the zero
power transfer function at a frequency of about 0.2 radian/sec. The chosen
power level for EBR-II is about 5 Mw with 33% (3,000 gpm) coolant flow.
This is .a few per cent more than the minimum coolant flow that can be
obtained for extended periods of operation of the pumps. At full flow
(9,000 gpm), the amplitude is less than 8% different from the zero power
gain. The stability experiments will be initiated with full (9,000 gpm) cool-
ant flow and. then reduded.

The initial measured transfer functions at 5.0 Mw with two
different flow rates will, to some extent, govern subsequent investigations;
however, the program outlined in Table XV is considered appropriate if
there is no evidence of reactor instability. If there is evidence of instability,
the program will be modified accordingly.

An extremely important aspect of the approach to power pertains
to the measurement of the power coefficient of reactivity at various power
levels. Similarly, the coolant flow coefficient of reactivity will be measured
at various power levels. These coefficients determine the total reactivity
change from shutdown to full power.

The kinetic and thermal behavior of the reactor system during
scram (with and without cessation of pumping power) will be investigated.
The experiments, initially conducted at low powers, will indicate whether
any thermal and/or kinetic problems will occur at the higher power levels
contemplated for subsequent investigations.
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The power coefficient of reactivity as well as the closed loop
transfer function feedbacks are temperature dependent. Therefore, if
similar temperature distributions prevail at two different power levels
with two different total coolant flows, the measured closed loop transfer
function feedbacks should be similar. The power coefficient of reactivity
will be highly sensitive to coolant flow; in fact it may be approximately
inversely proportional to coolant flow.

In addition to demonstrating that the EBR-II reactor system
is stable in operation and will operate in accordance with design objectives,
the detailed experiments and observations made during the approach to
power will demonstrate the. validity of predicted performance. These data

will have application in the design of other fast reactors.

E. Normal Startup

No significant change has been made in the normal. startup procedure.

F. Normal Shutdown 

Shutdown procedure is unchanged.

G. Fast Shutdown (Scram) 

Reactor scram is effected by certain primary system abnormalities,
as listed in Table III. Scram consists of fast shutdown of reactor (by ejec-
tion of the control rods), and interruption of power to the secondary system
pump. The primary system•main pumps remain in operation during the
scram process and are later shut down manually by the operator. This
section describes the calculated reactor temperature distributions obtaining
during this type -of scram and also during a scram initiated by primary
system main pump failure.

1. Primary Pumps Operative

This case represents the usual type of scram: both primary main

pumps remain in operation. An initial condition of full reactor power is
assumed, since the most severe temperature transients occur at this power

level. A total control rod worth of 0.05 Ak/k and an initial rod insertion of

90% are assumed. The resulting reactor temperature variations as a func-

tion of time•were presented previously [Fig.. 77].

Several of the•primary system conditions on which the analysis

of this case is based have been slightly revised; e.g.., total reactor coolant

flow. rate, initial coolant temperatures, control,rod acceleration, etc. Results

of the present analysis are shown in .Fig. 55; insignificant changes are

indicated. .
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2. Only Auxiliary Pump Operative

This case represents a scram initiated by loss of primary
system pumping due to failure of both main pumps, or to loss of electrical
power. The primary auxiliary pump continues in operation (even in the
event of loss of electrical power, since its power supply is backed up by a
floating battery). The same reactor temperatures as considered above
were shown previously as a function of time [Figs. 78 and 79].

The primary system conditions on which the analysis of this
case is based also have been revised as above. In addition, the substitution
of centrifugal pumps for electromagnetic pumps affects this analysis be-
cause of the initially slower rate of deceleration of coolant flow. Results
of the present analysis are shown in Figs. 56 and 57. Only small changes
in temperature maxima are indicated.

H. Shutdown Cooling

Design and operation of the shutdown cooling system are unchanged.
The approximate fission product decay power and reactor coolant tempera-
tures existing during long-term natural convection cooling (after several
hundred seconds following scram), are unchanged from those given in
[Fig. 80]. The actual coolant flow rates (Fig. 58) are also unchanged, but
are expressed in per cent of full flow (which value has been increased).

I. Reactivity Coefficients and Nuclear Performance 

1. Isothermal Temperature Coefficient of Reactivity 

'The previously predicted values of the various components
comprising the isothermal temperature coefficient are repeated in Table XVI.
These are compared with the material replacement data from the EBR-II
mock-up on ZPR-III. The measured dry isothermal temperature coefficient
between 58°F and 99°F is -2.6 x 10-5 (ilkik)/°C (see Appendix L).

The sum of the predicted fuel and structural components of the
temperature coefficient, as given in Table XVI, yields -1.8 x 10-5 (Pkik)/GC
without sodium. The agreement between the measured and predicted value
is reasonably good because: (1) the temperature distriliution in the dry
critical reactor may not have been truly isothermal; and (2) the presence
and effect of the bond sodium in the Dry Critical EXperiments would tend to
increase the magnitude of the measured value.

Many of the predicted components of the temperature coefficient
may be compared with material replacement data from ZPR-III. However,
such comparison is- not direct. To demonstrate, an important component in

both power aad temperature coefficient of reactivity is the effect of sodium

density in .4e- reactor core, predicted to be -0.87 x 10-5 (alc/k)/°C.
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Table XVI

ISOTHERMAL TEMPERATURE COEFFICIENTS OF REACTIVITY
[in (6k/k)/eC]

Predicted
[Table XIII]

Inferred from
ZPR-III

Measurements

Core
Axial Growth of Fuel -0.39 x 10-5 -0.34 ± 0.02 x 10-5

Radial Growth of Fuel (Displacement of Na) -0.09 x 10-5 -0.057 x 10-5

Axial Growth of Structure (Density Change) -0.039 x 10-5 -0.033 x 10-5

Density. Change of Coolant -0.87 x 10-5 -0.98 x 10-5

Radial Growth of Support Structure -0.97 x 10-5 -0.92 x 10-5

Doppler Effect +0.04 x 10-5
(avg)

Bowing

Gaps
Density Change of Coolant -0.38 x 10-5 -0.33 x 10-5

Density Change of Structure -0.036 x 10-5 -0.04 x 10-5

Upper and Lower Blanket
Density Change of Coolant -0.21 x 10-5 -0.21 x 10-5
Radial Growth of Uranium and Jacket -0.016 x 10-5
Axial Growth of Blanket Uranium -0.024 x 10-5
Axial Growth of Jacket -0.021 x 10 5 -0.0064 x 10-5

Inner Blanket
Density Change of Coolant* -0.2 x 10-5 -0.30 x 10-5
Axial Growth of Blanket Uranium -0.066 x 10-5
Axial Growth of Jacket* -0.022 x 10-5 -0.054 x 10-5
Radial Growth of Uranium and Jacket -0.07 x 10-5
Radial Growth of Support Structure -0.17 x 10 5
Bowing 0

Outer Blanket
Density Change of Coolant* -0.017 x 10-5 -0.011 x 10-5
Axial Growth of Blanket Uranium -0.014 x 10-5
Axial Growth of Jacket* -0.003 x 10-5 .•0.0012 x 105
Radial Growth of Support Structure -0.034

*The experimental results for these components are difficult to interpret
because the radial boundaries, especially between core and blanket, are
not well defined.

The experimental investigation on ZPR-III dealt with removing sizeable
quantities of sodium from the reactor core to effect a gross density change

of sodium. The measured worth was -1.16 x 10-3 (Ak/k)/kg of sodium.

The mass of sodium in the core is about 29 kg and the coefficient of ex-

pansion is given as 2.9 x 1014/°C. Therefore, the effect of sodium density
inferred from the ZPR-III experiments is -0.98 x 10-5 (Akik)/°C. The
experiment is an attempt- to simulate. power reactor conditions with a
zero-power, fixed-temperature machine. The calculations feature simple
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idealized geometric models, but the comparisons between theory and ex-
periment are encouraging. A number of such comparisons are given in
Table XVI. Allowing fairly large uncertainties for the values which were
not confirmed by ZPR-III experiments, it is believed that the predicted
(wet) isothermal temperature coefficient of -3.6 x 10" (Ak/k)/°C is known
to ±30%.

Z. Power Coefficient of Reactivity

The power coefficient of reactivity is a function of flow rate
and other operating conditions. The previous evaluation [Section IV.I.2.]
for full flow between startup (700°F isothermal) and full reactor power
(62.5 Mw), is only slightly modified here. The modification occurs prin-
cipally because the expected bowing effect is smaller.

Some of the significant contributing components may also be
compared with pertinent material replacement experiments on ZPR-III.
The nature and limitations of such comparisons have been described in
Section IV.I.1.

The total' temperature increases are related to reactivity
changes by combining the data from Table XVlwiththose from Table XVII.
The results are summarized in Table XVIII. Bulk radial expansion is
assumed to be proportional to coolant temperature. The effect of bowing
is considered next.

Table XVII

AVERAGE REACTOR TEMPERATURES AT FULL POWER WITH FULL FLOW

Component

Average Temperatures °F Average Temperature Rise, °C*

Section
IV.I.2.
[] Present

Analysis
[Sectiol
IV.L2.

Present
Analysis

Core Coolant 810 820 61 67

Core Fuel 975 976 153 153
Core Cladding 862 871 90 95
Upper Gap 919 935 122 131

Lower Gap 702 705 1 3

Upper Blanket 924 943 124 135

Lower Blanket 705 708 3 4

Inner Blanket • 780 770 44 39

Outer Blanket 745 711 25 6

Supporting Structure 700 700 a 0

* From 700°F (371° C) isothermal to full power-full flaw.



87

•

•

Table XVIII

POWER-INDUCED REACTIVITY CHANGES AND
POWER COEFFICIENTS OF REACTIVITY (WITHOUT BOWING)*

No Uniform
Radial Expansion

Includes Uniform
Radial Expansion

[Predicted] Cur rent** [Predicted] Current**

Reactivity Change, AO

Total -0.0020 -0.0019 -0.0027 -0.0026
Core -0.0014 -0.0013 -0.0020 -0.0019

Power Coeff. Reactivity,
[(AlS/k)/Mw x 105

Total -3.2 -3.0 -4.3 -4.2
Core -2.2 -2.1 -3.2 -3.1

'700°F isothermal to 62.5 Mw, with 9,000 gpm flow.

**Analysis based on experimental coefficients of Table XVI, and revised
temperature distributions of Table XVII.

Bowing of fuel subassemblies and associated radial core ex-
pansion under various conditions was estimated in [Appendix A]. The
current thermal analysis (Appendix F), concludes that the full-power,
effective temperature difference across a fuel subassembly at the core
boundary is approximately 50°F. This may be compared with the earlier
[Appendix A] temperature difference of 100°F. The relationship between
effective thermal core deformation and reactivity is somewhat uncertain
and is therefore conservatively estimated. For the EBR-II radial core
defOrmation, Alc/Ic as -(0.075 r)(6r/r), where r is the core radius (in.).

The effective core. radius and geometry are dependent on the actual critical

size.

Table XIX is a summary of the reactivity effects caused by
bowing and radial expansion. The two cases are determined by the initial
subassembly configurations. The results of both the most probable and

most pessimistic configuration are shown. The influence of bowing is

small and the major difference between the "most probable" and "most

pessimistic" estimates is the range over which the small positive effect

x 10-5 (Plcilc)/Mw) may be operative; i.e., a range of 9 Mw probable,
36 Mw pessimistic. If the predicted reactivity effects are overestimates

(as is expected), the effect is negligible. If the effect occurs at all, it is

expected to appear as a variation in the magnitude of the strongly negative

power coefficient of reactivity as a function of power level.
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Table=

POSSIBLE INFLUENCE OF BOWING ON THE POWER COEFFICIENT OF REACTIVITY

Most Probable Configuration Most Pessimistic Configuration

Power Range, Mw 0-25 25-34 34-62.5 0-20 20-56 56-62.5

Change in Core Radius, in. +0.001 -0.005 +0.003 +0.0005 -0.0195 +0.001

Bowing Reactivity Effect, Ti A elk -0.0075 +0.038 -0.023 -0.0038 +0.15 - 0.0075

Bowing Power Coeff., (le.k/k)/Mw] x 105 -0.3 +4.2 -0.8 -0.2 +4.1 -1.1

'Typical Power Coeff., (tAkild/Mw] x 105 -3.2 -3.2 -3.2 -3.2 -3.2 -3.2

Net Power Coeff., DLIcild/Mw] x 105 -3.5 +1.0 -4.0 -3.4 +0.9 -4.3

Reactivity Change Through Each Power Range,

Ti akik -0.088 +0.0086 -0.11 -0.068 +0.031 -0.028

- inhours -37 +3.6 -47 -72 +13 -12

Net Power Coefficient from Zero to Full Power,
ilckkild/Mw] x 105 -3.1 -1.0

Net Reactivity Loss, inhours -80 -27

'From Table; no radial expansion included.

A negative reactivity effect, analogous to bowing and with a
comparable time constant, is created by expansion of the control rods
and the lower end of the control rod drive shafts (see Section IV.I.5.). This
effect has not been included in the estimated power coefficient, nor has it
been treated in the detail of the bowing analysis, because it is clearly
negative while bowing is a positive effect.

At low power-low flow, the behavior of the reactor is similar
to that at high power-high flow. However, the temperature rises in
Table XVII will occur at lower powers, hence, the average power coeffi-
cient of reactivity from zero power to some power level will change
approximately inversely. For example, the required reactivity to go from
zero power to full power at full flow, is essentially the same as that
required to go from zero power to, say, 20% power with about 20% coolant
flow. This implies that only a very small amount of net reactivity is
required to go from 20% power-20% flow, to full power-full flow.

3. Critical Configuration

The detailed EBR-II mock-up on ZPR-III (Appendix E) lacked
the precision to specify the U235 enrichment of the fuel alloy. The signifi-
cant differences between the critical experiment and the EBR-II are:
(1) the mock-up core height was 14 in., as opposed to 14.22 in. for the
reactor; and (2) the mock-up had the radial dimensions of a 64-subassembly
core. Therefore, the critical assembly data were interpreted on the basis
of perturbation measurements and reactor analysis.

The enrichment for the first loading was based on a critical
loading of 67 fuel subassemblies, including control and safety rods. This
requirement was established to ensure a minimum core size of not less
than 61 subassemblies, and to provide a margin of six subassemblies
(<2% Ak/k).
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The following conditions were assumed in fixing the fuel alloy
atomic enrichment at 48.4 at-%.

18.7 gm/cc.

The fuel alloy is the 5 wt-% fissium alloy.

The density of the fuel alloy is 17.95 gm/cc.

The density of the blanket uranium is not less than

(4) The blanket uranium is depleted to about 0.22%.

(5) The nominal core will contain 67 subassemblies
(53 fuel, 12 control, and 2 safety).

(6) Configuration and composition are as given in Table I.

(7) At full power (62.5 Mw) and full flow (9,000 gpm), the
reactor is less than 1% Akik supercritical (with control rods fully inserted).

The fuel alloy density of 17.95 gm/cc was assumed as a result
of experience in fabricating prototype fuel elements which yielded a value of
approximately 17.95 gm/cc. Measurement of fuel elements in production
showed an average density of 17.8 gm/cc (Appendix A).

The enrichment of the fuel alloy was specified on the basis of
both experimental and analytic al data developed independently. The data
were in substantial agreement and well within the uncertainty of the deter-
mination. The details of these analyses have been reported by Loewenstein.17

The U235 in U content was specified at 48.4 at-%. The average
enrichment achieved was 48.41 at-% (Appendix A).

The specified enrichment included an uncertainty of 2.5%, which
is equivalent to ±1..1 to 1.2% AkA. Therefore, the critical loading at full
power and full flow would be expected to contain between 63 and 71 subassem-
blies. The agreement between the predicted and measured dry critical size
(Appendix L) supports the above conclusions; however, the dry critical size
slightly exceeded the "most probable" prediction. This observation tends to
favor a core size between 67 and 70 subassemblies.

4. Plutonium Production

Breeding of nuclear fuel will be demonstrated initially by burning

U235 to produce Puz37. (True breeding as demonitrated by, simultaneous
destruction and creation of Pul" must await a future Pu-fueled loading of the
system.)

Although the piedicted initial conversion ratio is 1.26, inaccurate

representation of some detailed mechanical design features in the analytical
model tends to favor a lower value. A value of 1.2 is probably more realistic.
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As U235 is destroyed, principally in the reactor core, Pu239 is
created throughout the system. The bulk of the bred Pu (-90%) is distributed
throughout the depleted uranium blankets. These are positions of low reac-
tivity worth relative to the location of the destroyed enriched uranium.
During a reactor cycle, the reactivity of the system cannot increase. This
conclusion is valid. even though there is a net increase in the number of
fissionable atoms throughout the system.

These considerations do not include fission product poison
effects which tend to further reduce the reactivity. However, the overriding
consideration in long-term reactivity loss is associated with the reduction
in fissionable material (U435) per unit core volume.

Plutonium buildup in the radial blanket subassemblies can have
some influence on the critical size of, and the radial poWer distribution in,
the second and subsequent core loadings. If the first reactor core were
permitted to achieve an average burnup of 1 at-% and were replaced without
replacing any radial blanket subassemblies, a second core loading identical
to the first would be critical with one less core subassembly (in the first
row of the inner blanket). Actually, core subassembly replacement will be
on a fractional core basis; hence, the reactivity due to plutonium buildup will
appear through a shift in control rod insertion. Table XX summarizes
predicted reactivity effects of bred plutonium in various rows of the radial

blankets. The irradiation. times required to achieve the specified Pu content
are also given.

Table XX

BRED PLUTONIUM REACTIVITY EFFECT IN THE
RADIAL BLANKET. WITH 1.0 at-% Puz39 CONTENT

Subassembly
Row No.

Blanket % kik/k

Approximate *
Initial

Buildup Time,
Years

6
7
8
9 - 1 1
12-13

Inner
Inner
Outer
Outer
Outer

0.72
0.42
0.21
0.17
0.006

1
1.4
2
3.5
14

*At core midplane with full power (80% plant
factor):
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The reactor power distribution is influenced slightly by the
presence of the bred plutonium in the radial blankets. The details will
depend on the exact mode of cycling both core and blanket subassemblies.
If, as is expected, the core is cycled more frequently than the radial
blanket, there will be a slight shift in power from the core to the radial
blanket for a fixed total reactor power. The over-all shift is small; how-
ever, localized power density perturbations will'be significant, primarily
near the core midplane. Table XXI summarizes the perturbation of the
virgin reactor fission power densities by the presence of bred plutonium
at various radial positions.

Table XXI

BRED PLUTONIUM PERTURBATION OF CORE MIDPLANE'
FISSION DENSITIES IN DEPLETED URANIUM

Radial*
Distance,
cm

F(1 at-% Pu)** 
F(0.0 at-% Pu)

F(0.0 at-% Pu),**
kw/liter

Approximatet
Initial

Buildup Time,
years

Inner Blanket

22.4 1.22 222 1.0
24.2 1.25 162 1.1
26.0 1.31 111 1.2
27.7 1.37 82 1.3
29.5 1.43 60 1.5
32.8 1.7 31 1.8

Outer Blanket

36.0 1.9 18 2.3
39.2 2.2 11 3.0
49.0 3.3 2.7 , 7.2
58.7 4.0 0,89 18
68.4 4.4 0.29 49
78.1 4.7 0.10 125

*From center of core in core midplane (Z = 0).

**F = Fission power density; total power density is obtained by adding
core gamma leakage heating.

t To achieve 1 at-% Pu in depleted uranium with full power (80% plant
factor) operation.

Note: 1 at-% average core burnup requires approximately 60 days
with full power (80% plant factor).

5. Predicted. Kinetic. CharaCteristics,

Analytical clOsed-/ocipirnsfer functiOns have been obtained

for EBR-II.18 The temperature-induced reactivity feedbacks in the model
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were caused by unrestrained thermal expansion. Bowing, fuel alloy phase
transformations, or other non-linear effects, were not included. The
Doppler Effect [Appendix Ed was neglected. Radial core expansion was
assumed proportional to coolant temperature rise. (This assumption is
realistic for tightly packed subassemblies.) Clearances existing at low
temperatures may be reduced as the reactor heats up. This would be
evidenced by an increase in the magnitude of the negative power coefficient
of reactivity with increased power at fixed coolant flow.

Reactivity coefficients were used to determine the temperature-
induced feedbacks. These were based on material replacement effects of
sodium, steel, and fuel, as a function of position in the EBR-II mock-up on
ZPR-III (Appendix E and Reference 19). The feedback coefficients are
essentially those used for the isothermal temperature and power coefficients
of reactivity (Tables XVI and XVIII).

The predicted closed-loop transfer function amplitudes (Fig. 59)
and phase lags (Fig. 60) show no evidence of instability. The reactor model
did not include any reactivity coefficients with lOng delay times. Thermal
inertia and coolant transit time delays are less than 2 sec.

No prompt positive coefficient was included in the model. The
Doppler Effect and bowing are the only known sources for such effects. The
former is believed negligible, while the latter may be present. Bowing
(Section IV.I.2.) is only significant under the most pessimistic assumptions
and is not believed large enough to be highly important, or perhaps even
observable.

Another clearly negative effect not explicitly included in the
model is caused by the axial thermal motion of control rods relative to the
core. This occurs because the core is supported from the bottom of the
primary tank and the control rods are supported from the primary tank
cover. The bulk of the effect is prompt due to, axial expansion of control
rod walls as coolant temperature increases. A minor delayed contribution
is expected due to heating of the lower end of the control rod drive shafts
below the top of the reactor cover.

The possible presence of a very small, second-order, positive
component is also recognised. This is caused by the thermal expansion
of fuel pins in partially inserted control rods. However, this possible effect
is completely dominated by the much larger and reverse effect due to the
reactivity-reduction caused by the simultaneous thermal expansion of fuel
pins in core subassemblies.

In summary, the reactor system is expected to be stable in
operation. Moreover, the experimental stability investigations at 30 Mw with
4,310-gpm coolant flow can be used with confidence to predict reactor kinetics
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at 62.5 Mw with 9,000-gpm coolant flow. It is also probable that investiga-
tions at 30 Mw with 9,000-gpm coolant flow can be used to predict reactor
kinetics at full'power-full flow.

J. Fuel-Handling, Unloading, and Interbuilding Transfer.

1. General 

Except for changes occasioned by the removal of the Disassembly
Cell from the Reactor Plant (see Section III.A.), the fuel-handling and unload-
ing operations remain as contemplated in the original report [Page 34]. This
section contains operating information which has been developed since release
of the original report. The mechanisms and their functions are described in
Sections III.A.7., and III.A.9.

2. Fuel-Handling Center

All operations.involved in subassembly transfers within the
primary tank, and between, the primary tank and the fuel-unloading machine
are controlled directly, or are supervised by the operator at the fuel-handling
console (Fig. 61).

Of principal interest is the main operating panel (center sloping
section), which is shown in detail in Fig. 62. On this panel are located the
pushbutton-indicator light units necessary for accomplishing the steps involved
in subassembly transfers, both within the primary tank and between the
primary tank and fuel-unloading machine. The pushbutton-indicator units are
arranged in twelve groups or "operating sequences." Except for the prepara-
tory and terminal sequences (those designated A, H, J, and M), each sequence
consists of a series of steps, arranged in the order of execution, essential
to the transfer of a subassembly from one location (or handling device) to
another. For example, the steps in the group designated "Sequence B" extract
a subassembly from the reactor and raise it to the proper -level for transfer
to the transfer arm. Guide lines are provided on the panel to indicate the
normal progiession from sequence to sequence.

In sequences J, K, L, and' M, the legends on certain indicator
units refer to "R-M" (fuel-unloading machine), and to "COOL" (argon cooling
system). These indicator units inform the console operator of operations

initiated elsewhere during the, meshing of operations controlled by the console

operator with those controlled at the fuel-unloading machine and argon cooling

system panels.

In order to perform the individual operations within a particular

sequence, the operator first presses the corresponding "sequence button,"

which sets up the circuits for the operations within that sequence. He then

successively presses the operiting pushbuttons within the sequence.
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Typically, when a pushbutton is pressed, the drive motor associated with
the particular motion starts and the button is illuminated with a red indicat-
ing light. Upon completion of the motion, the drive motor stops, and the
red light is automatically replaced by a green light. The green light signals
that the step has been completed, and the following step may be initiated.
The indicating light units associated with operations initiated elsewhere, i.e.,
at the transfer arm or fuel-unloading machine, are identical to the push-
button units, except that the switching function is omitted. The arrangement
of controls in operating sequences results in some duplication of pushbuttons
and indicators, but makes it unnecessary that the operator memorize the
sequential order of the many steps. It also provides a more readily com-
prehended picture of the progress of the transfer operation.

Two key-operated switches are provided on the console for
energizing the control power for the fuel-handling and fuel-unloading circuits:

(-1) The "restricted operations" key switch is used for

fuel-unloading operations not involving access to the reactor. It energizes

circuits necessary for operation of the storage rack, transfer arm, and
transfer port, provided only that the control power key switch in the control
room is switched on.

(2) The "unrestricted operations" key switch energizes the
control circuits for all fuel-handling and fuel-unloading operations. Before
this key switch is effective, many interlocks must be satisfied. In addition,
the control room three-position switch, "reactor operate-off-fuel handling,"
must be switched to "fuel handling." Figure 35 shows the interlocks govern-
ing the fuel-handling control power circuit.

During "unrestricted" fuel-handling operations, reactor operat-
ing control power is not available to the control room (interlock enforced),
even though the "reactor operate-off-fuel handling" key switch is inadvertently
switched to "reactor operate."

Upon completion of "unrestricted" fuel-handling operations, the
interlock circuits require that the following conditions be met before the
control rods may be raised:

(1) The reactor vessel cover must be down and locked to

the vessel.

(2) The fuel-handling operator must have completed the

terminating sequence of operations.

(3) The "unrestricted operations" key switch on the fuel-

handling console must be switched to "reactor."



95

3. Numerically-Controlled Positioning System

As stated in Section III.A.7., the input information for the
numerically-controlled positioning system is contained on punched cards.
There are four types of input c?,rds, each of which is identified by color,
and by a number punched and typed on the card:

Type Color Operating Functions

1 blue refueler (unloading machine) to storage rack
2 green storage rack to'core
3 red core to storage rack
4 yellow storage rack to refueler

At specified points in the fuel-handling cycle, the appropriate
input card is manually inserted into the card reader. The card is immedi-
ately read and the information is stored. Provided automatic checks indicate
a valid input card is being used, and in the proper sequence, motion of the
rotating plugs (or storage rack) is initiated when the related pushbutton is
pressed. Upon.completion of the positioning operation, the coordinates
reached are automatically punched on an output card. After completion of
all positioning operations specified on a given input card, the input and
output cards are visually compared by the operator for agreement between
the command coordinates and the actual coordinates.

The completion of an operation directed by the numerically-
controlled positioning system is indicated by a green light in the pushbutton
unit as in the case of simpler motions where limit switches are used.
However, in the former instance, the green light will not appear unless
automatic checks indicate that the position is within tolerance, and that the
position encoder data are valid.

Provisions are included for individual manual control of the
rotating plugs and gripper mechanisms. Manual control,is subject to the
same interlocks as is the card-directed automatic operation; however, the
presence of a valid input card in the card reader is not required.

4. Fuel-Unloading Machine

The fuel-unloading machine is provided with a control panel

(Fig. 63) on which are mounted the control pushbuttons, indicators, etc.

An operator at this station initiates all motions of the power-operated
components of the machine. Normally the motions are terminated auto-

matically by limit switches. Stop pushbuttons are provided, however, for
unusual circumstances. Because of the smaller number and lesser com-

plexity, of operations performed at the unloading machine, as compared

to those at the main operating panel, the pushbuttons and indicators are
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not grouped in operating sequences. Extensive interlocking is provided,
both among the various functions of the unloading machine, and between
these functions and the other fuel-handling mechanisms.

5. Manual Operations

The fuel-handling and unloading procedures include the direct
manual operation of certain devices as described below. Although manual
operation, when permitted, is not restricted as to direction, the interlock
circuits require attainment of the correct position before the next operation
may be performed.

a. Transfer Arm

For reasons outlined [Section III.A.7.], the transfer arm
is operated manually. Rotation and locking (or unlocking) are physically
prevented at other than the proper junctures by electro-mechanical locking
devices. During fuel unloading from the primary tank, an additional block-
ing device prevents rotation of the transfer arm to points above the reactor
vessel. At specific points in its rotation, the actual position of the transfer
arm is transmitted to indicators at the fuel-handling center.

b. Port Plugs

Manually rotated access port plugs are employed on the
primary tank, unloading machine,. and interbuilding coffin. These plugs
permit passage of reactor subassemblies (a) between the primary tank and
the unloading machine, and (b) between the unloading machine and the inter-
building coffin. Again, electro-mechanical locks permit rotation of the plugs
only at the proper time. Except for the interbuilding coffin port, their posi-
tion is indicated at the fuel-handling center.

c. Locking Pins (Fuel-Unloading Machine)

Manually actuated locking pins are used to secure the fuel-
unloading machine in position over the primary tank and over the interbuilding
coffin.

6. Interbuilding Coffin

The transport of the- interbuilding coffin from the pit beneath

the fuel-unloading machine tracks, to the air cell in the. Fuel Cycle Facility,

is accomplished in the following.stages:.

(1) Transport from the pit to the equipment air lock dolly,

using the reactor building crane.
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(2) Transport through the length of the equipment air lock
on the self-propelled dolly.

(3) Lift through the outer hatch in the air lock, and deposit
on self-propelled interbuilding cart, using a fixed hoist at the °air lock.

(4) Transfer to the Fuel Cycle Facility. Subassembly
cleaning operations are carried out, while the coffin is on the interbuilding
cart.

(5) Within the Fuel Cycle Facility, vertical transfer to the
fuel-cycle cart, using the building crane.

(6) Transport to a station beneath the air cell on the
self-propelled fuel-cycle cart. At this point, the.subassembly is extracted
from the coffin.

The transport of subassemblies from the Fuel Cycle Facility
back to the Reactor Plant follows the above stages in the reverse order.
Al]. crane, hoist, and cart operations are manually controlled and under
constant supervision.

a

a7

•
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V. SUMMARY OF HAZARDS CONSIDERATIONS

The previous sections of this report have described the various

changes which have developed during the construction of the EBR-II. Other
changes, evaluations, and test results relevant to reactor and plant safety

are treated in the Appendices. This section summarizes the various
hazards considerations.

The previously described changes, additions, and verifications can

be divided into two groups on the basis of relevance to safety. Those con-

sidered directly related to safety can be summarized as follows:

.(1) Reduction of predicted reactivity worth of control rods,

safety rods, and core subassemblies, resulting from experimental data and

additional analyses (Appendices E and L).

(2) Reduction in acceleration of control rods during scram

operation (Section IV.A.2.).

(3) Verification of many predicted reactivity coefficients
(Appendices E and L).

(4) Revisions in instrument locations and instrument
thimble cooling (Section III.A.5.).

(5) Addition of provision for manual scram of safety
rods during reactor operation (Section IV.A.2.).

(6) Addition of rate-of-change control on primary pump
flow (Section IV.A.3.).

(7) Reduced temperature difference across subassem-
blies and consequent reduction in bowing (Appendix F).

(8) Change in nominal core configuration 2rom 61 to 67
subassemblies (Section III.A.1.).

(9) Revisions in reactor power density distribution,
coolar.t flow distribution, and calculated temperatures (Sections IV.B.2.
and r; .B . 3. ).

(10) Provision for limiting ratio of power to coolant flow;
ra::.c does not exceed preset limits (Section IV.A.2.).

The following changes are not considered directly related to safety
alz1-,‘:,tih they may indirectly enhance safety because of improved operational
reliability or convenience:
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(1) Removal of Disassembly Cell from Reactor Plant to

1011.11' the Fuel Cycle Facility.

(2) Incorporation of the "subassembly basin" in the
primary tank.

(3) Use of mechanical-centrifugal pumps rather than
d-c electromagnetic pumps in the primary sodium system.

(4) Use of orifice holes, rather than slots, in the core
and inner blanket subassembly coolant inlet adapters.

(5) Change in reactor vessel shape (to uniform diameter),
resulting in a simpler structure less subject to thermal stress.

The major safety considerations related to operation of the EBR-II
were summarized in ANL-5719 [Section V]. The significant safety features
treated can be summarized as follows:

(1) Integrity of primary sodium system (which virtually
precludes loss of sodium coolant).

(a) Reliability of reactor shutdown cooling.

(3) Reliability of reactor control system achieved by:
(a) redundancy provided by twelve independent control rods and drives;
(b) small reactivity worth of each control rod [<0.006 ak/k]; and (c) inde-
pendent operation of safety rods during fuel-handling operations.

(4) Prompt negative temperature effect resulting from
fuel expansion.

All of these features have been retained or enhanced. The speeds of
the various drives which add reactivity (control drives, safety drive, fuel-
gripper drive) are unchanged and the reactivity worths of the respective
components are less than originally estimated. As a result, the rates of
reactivity addition are now smaller. Conversely, the reduction in estimated
reactivity worth of the twelve control rods results, in some reduction in the
shutdown of the reactor (to approximately 3.5% ak/k); this is considered
adequate in view of the operative reactivity coefficients and the availability
of the safety rods ("-1.3% Akik) during shutdown.

The acceleration force on the control drives during scram has been
reduced (from Z g to 1.5g) to decreale the loading on the control rods.
The reduction in speed is small; rod movement of 10 in. from the fully
inserted position, corresponding to removal of 73% of total rod worth,
now occurs in about 0.18 sec (after start of rod movement) as compared
to about 0.16 sec fornierly.."-
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The arrangement of the neutron instrument thimbles has been
revised to provide four thimbles within the neutron shield for improved
low-level detector sensitivity. This improvement has been verified by
critical experiments on ZPR-III and by the Dry Critical Experiments.

The addition of rate-of-change control on the primary sodium
pump flow reduces the temperature transients which can be effected during
flow changes.

The EBR-II nuclear analyses have been compared with, and based
on, applicable experimental data from the mock-up investigations on
ZPR-III (Appendix E) and the EBR-U Dry Critical Experiments (Appendix L).
This has improved the reliability of the predictions of reactor performance.
The extensive power-stability investigations conducted on EBR-I, Mark III
have provided a better 'understanding of fast reactor power kinetics
(Appendix D).

The predicted isothermal temperature coefficient of the EBR-II is
negative, and the power coefficient of reactivity is believed to be prompt
and negative over the operating power range; however, small positive
power coefficients are possible over certain power level increments due
to bowing. (Appendix F). If these positive power coefficients do appear,
they should be of small magnitude and should exist only over a limited
power level range. Under the most pessimistic assumptions, there is
always a net decrease in reactivity between startup and any "normal
power level" (a power and coolant flow condition resulting in rated cool-
ant outlet temperature, i.e., --883°F). The power coefficient of reactivity
is prompt and negative above any normal power level. Only very small
delayed negative temperature effects are 'operative and these are masked
by the much larger prompt negative coefficients. As a result, no significant
feedback effects are anticipated which could produce oscillatory instabilities.

Two leak-rate tests have been conducted on the Containment Vessel.
The first test indicated the leak rate to be 560 ft3 (32°F, 36.2 psia)/day, or
less. The second and more accurate test, conducted with all vessel pene-
trations completed,: indicated a. leak rate of less than 100 ft3/day. (The
specified maximum0eimissible leak rate was 1000 ft3/day.)

With respect to possible hazards related to operation of the EBR-U.
the following six hypothetical accidents were considered [Page 107] to
assess the safety characteristi:Cs of the reactor and to estimate the
consequences:

"Case 1.

"Assume the reactor is at delayed critical and at zero power
conditions.. (8 watts and 600F) with the safety rods out. These rods
are then driven into the reactor in an uncontrolled fashion at their
normal speed of two iztches per min.
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"Case 2.

"Assume the reactor is at delayed critical and zero power
conditions with the central fuel subassembly removed. This element

is then loaded at regular speed' of 6 in. per min for the last Z4 in. of

motion.

"Case 3.

"Assume the reactor is at delayed critical and zero power

conditions and a single control rod is driven into the reactor in an
uncontrolled manner at 5 in. per min.

"Case 4.

"Same as Case 3., except that the excursion begins at operat-
ing power and full flow.

"Case 5.

"Assume the reactor is at delayed critical and zero power
conditions with the central fiiel subassembly being loaded. It is
dropped and falls into the reactor. This is an accident where
reactivity is added rapidly. Two sub-cases are considered: first,
where the subassembly is dropped from just above the core, and
second, where the subassembly falls the full length of the reactor.

"Case 6.

"Same as Case 2., except that the core subassembly is driven
all the way in at the high speed of 72 in./min. (The high speed is
employed normally after the subassembly has been raised 24 in.)"

The first four cases.involve "uncontrolled" reactivity additions by
normal components of the reactor system (at normal speed). In each case,
the reactivity increase would be terminated by normal operation of period-
and/or power-level trips. Since the reactivity worths of each of the com-
ponents involved (control rods, safety rods, or central subassembly) are
less than previously predicted, the rates of reactivity addition are smaller
and more time is available for operation of the safety systems (Appendix F).

In the event the safety devices fail, reactor melting may occur.
This is also true of the last two hypothetical accidents (Cases 5 and 6). It
should be noted that-a combination of malfunctions and/or a gross loss of
administrative control are required to achieve these hypothetical conditions.
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The consequences of primary-pump failure were also assessed

[Pages 108-109] and it was found that significant overheating would not

occur if the safety systems (reactor scram) were operative. If the safety

systems failed to operate (combination of malfunctions), reactor melting

would result.

Without implying any credence to the accident, the consequences

of a gravity-induced core meltdown subsequent to a loss of sodium were

evaluated. Reactivity insertion rates of WO/sec, $600/sec, and $1000/sec,

might be realized, depending upon a combination of assumed events (and

pessimism). Additional analyses have been performed (Appendix G) to

determine the energy yield from accidents involving such rates of reactivity

addition. These have resulted in somewhat higher yields as shown in

Table XXII.

Table XXII

EXPLOSIVE ENERGY YIELD AS A FUNCTION OF

REACTIVITY INSERTION RATE

Reactivity
Insert. Rate,

$/sec

Explosive Energy Yield,
lb of TNT

Previous
Analysis

[Section V.E.]

Present
Analysis

200
600
1000

280
660
1050

370
850
1240

An assessment of the prediction of explosive energy yields result-
ing from these specific reactivity insertion rates indicates they are over-
estimates of what may actually appear as a result of a core meltdown
(see Appendix 0). A large fraction of the created energy is assumed to
be available for an explosion; the calculation assumes no spatial energy
transfer during the excursion which would, in fact, tend to reduce the
local pressures.

Although these results indicate an increase in the possible energy
yield from such an accident, the magnitude of the changes are within the
range of accuracy which can be assigned to these. calculations and also are
based on pessimistic assumptions. as described above. The practical result
of applying them to the containment analysis results in a small reduction
in the safety factor of the primary containment system which is estimated
to be very conservatively designed (Appendix H).
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The effect of a single fuel element failure or multiple failures

(including propagation of failure) has been evaluated (Appendix F). These

evaluations indicate that a relatively large blockage of coolant flow chan-

nels can be tolerated without causing fuel element failure. They also

indicate that propagation of fuel element failures will be confined within
the subassembly and that the progression of failure probably will be
retarded short of complete failure of all 91 fuel elements within the sub-
assembly. Failure of a single fuel element (or a few elements) may not
produce a detectable reactivity change in the system. Failure of a large

number of fuel elements in a subassembly probably will produce a power

level scram (increasing power level) or more likely, a power level alarm

(decreasing power level). It is quite improbable that such a failure will

cause a period trip.

It is also postulated that the propagation of fuel element failures
will not progress beyond the subassembly wall, or if this does occur, a
significant time delay will obtain before failure is initiated in adjacent
subassemblies. It is therefore concluded that it is very improbable that
fuel element failure can initiate a serious reactor incident or reactivity
change which will not be detected by the reactor control system and
terminated automatically if a power increase results. Preliminary TREAT
experiments tend to confirm the confining characteristics of the subassem-
bly hexagonal can with respect to failure propagation (Appendix F).

TREAT ill-pile test results have been evaluated (Appendix G) as
they may apply to EBR-II. It is concluded that the test conditions are
sufficiently different from those which might be postulated for the reactor
that application of the results is questionable. Also, that extrapolation of
the single pin test results to the EBR-II will not result in greater reactivity
addition rates and subsequent nuclear explosions than those in the hypothetical
gravity-induced core meltdown following lose of sodium.

The radiation hazard to the surrounding area from a hypothetical
reactor disaster is unchanged [Section V.G.]. That analysis assumed 50%
fission product release to the atmosphere after 135 days of full-power
operation. This resulted in maximum external doses of less than 100 r at
distances greater than 35 miles from the site. This conclusion is ex-
tremely pessimistic because of the assumed magnitude of fission product
release. Furthermore, it is not likely that large concentrations of activity
can travel 35 miles.without being appreciably diluted. Also, the prevailing
winds would be expected to direct a concentrated cloud away from the
nearest centers of heavy population.

The evaluation of hazards for the EBR-II, as summarized in this
section, is essentially unchanged from ANL-5719. The following conclu-
sions •can be drawn in summary of these evaluations:
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(1) Intrinsic protection of the reactor system from a
meltdown accident resulting either from loss of sodium or from loss of
heat removal capability is provided by: (a) sodium containment afforded
by the primary tank; and (b) natural circulation of sodium through the
reactor (augmented by the auxiliary pump), together with natural con-
vection heat dissipation by the shutdown coolers.

(2) Intrinsic protection of the reactor system from a
loading accident is provided by: (a) loading the reactor by substitution
(minimum void in the reactor); (b) speed control and check points in the
fuel-handling sequence; and (c) safety rods which are operational during

fuel handling.

(3) A large number of errors and malfunctions in combi-
nation must occur to cause a serious accident. Although these requirements
make such an accident extremely improbable, it cannot be considered
impossible.

(4) Such an accident would be contained unless the energy
release were far larger than predicted on the basis of very pessimistic
assumptions, and if the safety factors employed in the design of the struc-
tural and containment systems failed to provide the expected capability.

(5) If the containment vessel were breached, the conse-
quences would be primarily local because of the isolated location of the
plant. The general public would not be seriously endangered.
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APPENDIX A

PROPERTIES OF FISSILE AND FERTILE MATERIAL

The EBR-II fuel is a (metallic) fissium alloy.13 Most of the fuel

irradiation experiments have been on the reference fuel for the first core

(injection-cast, uranium-5 wt-% fissium alloy). Also, several specimens

with variations in the amount and composition of the fissium addition have

been irradiated to determine the suitability of the reference alloy. Over

100 small specimens and 17 full-length pins20 have been irradiated in the

MTR and CP-5 reactors.

The results of these irradiations have been generally encouraging.

It appears that the EBR-II fuel operational objectives of 1 to 2 at-% burnup

at a maximum central metal temperature of approximately 650°C probably

can be realized. Varying the composition of the fissium by adding extra

zirconium has little effect. This also is encouraging because the zirconium

content in the EBR-II fuel will increase with repeated recycling. Not un-

expectedly, the-dimensional stability of the uranium-fissium alloys improves

as the fissium content is increased to 10 wt-To.

The details of the EBR-II, Core I fuel element production are given

in ANL-627421 and ANL-6276.22 The production methods for the Core I
elements were developed for ultimate application in the Fuel Cycle Facility..

Development of these methods and required equipment is described in

ANL-6272.23 A prototype facility to test the methods and produce Core I

elements is described in ANL-6092.24 Fuel alloy preparation for Core I
is described in ANL-6290.25

1. Fuel and Fuel Element Fabrication

The first loading for EBR-II was fabricated at Argonne utilizing,
to the maximum extent practicable, the fabrication techniques and prototype

fabrication equipment that will be used subsequently in the Fuel Cycle Facil-

ity for recycle. These operations have been reported in detail in Refer-
ences 21 to 24, and are briefly summarized here.

The enriched fissium alloy fuel pins were precision injection

cast to size in vycor molds. The 'average physical and geometric properties
of the as-cast fuel pins are given in Table A-1.

Table A-1

AVERAGE FUEL PIN DATA
(Enriched Uranium-Fissium Alloy)

Weight, gm Length, in.
.

Pin Diameter, in: 
Density, gmicc

(Calculated)

67.36 14.225 0.1438 17.795
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The fuel tubes were fabricated to an inside diameter tolerance

of 0.1555 to 0.1565 in. The tubes were divided into ten groups with average

inside diameter increments of 0.0001 in. Fuel pins and fuel tubes were

matched to produce an essentially constant sodium bond annulus (average)

thickness. The bond sodium was extruded and weighed to provide the proper

bond volume. Sodium bond level (height above fuel pins) was then verified by

radiography.

Each fuel element was non-destructively tested for bond integrity

with a cyclograph. The criterion for rejection of elements was bond defects

approximating and exceeding 0.0625 in. diameter. Each completed fuel ele-

ment was helium leak tested twice (two methods).

2. Thermal Cycling of EBR-II Fuel Alloy

Samples of unirradiated, injection-cast, EBR-II fuel alloy were

thermal cycled between 370°C and 670°C, the approximate maximum antici-

pated EBR-II fuel temperatures during shutdown and operation, respectively.

The sequence consisted of two hours at 370°C and one hour at 670°C, with

30-minute transfer times. The rather long holding times were used to obtain

a significant degree of phase equilibrium at the two temperatures. Table A-2

summarizes the thermal cycling data. It can be seen that unirradiated fuel

does not exhibit any appreciable deformation after as many as 500 cycles.

Table A-2

THERMAL CYCLING OF EBR-II FUEL ALLOY

BETWEEN 370°C AND 670°C

No. of Cycles Change in Length, % Change in Density, %

58

150

300

500

0.44*
(0:30)*

Q..65
(0.51)

0.66
(0.64)

0.75
(1.05)

-0.74
(-0.71)

-0.67
(-0.68)

-0.95
(-0.89)

-0.98
(-1.33)

*The two sets of data compare results for samples taken from
the top or (bottom) of the fuel pin.

3. Irradiation Stability of EBR-II Fuel Alloy

A. summary of typical irradiation results on EBR-II fuel alloy

is given in Table A-3. These data the information. contained in
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[Table VI] and Reference 20. Higher total burnups at anticipated reactor
operation temperatures permit a more realistic evalitationof irradiation
stability for the EBR-II fuel alloy.

There is some evidence to suggest that the rate at which fuel

is destroyed (fission rate) has some bearing on irradiation effects. From

Table A-3 it can be seen that many of the samples were subjected to fis-

sion densities similar to those expected in EBR-II.

Table Pe3

IRRADIATION EFFECTS ON EBR-11 FUEL ALLOY
(Uranium - 5 et-sFisslum)

In-Pile
Thermal
Cycling

Original
Length,
In.

Burn,.,
at-1<

Maximum*
 Irradiation

Tamp.. °C

Length
Change,
s

Diameter
Change.
s

Volume
Change,

S Volume Change
Sample Fission••

Density
[FaccIfsecl] a 10'13at-% Burnup

Extensive 1.00 0.18 360 0.3 -0.4 0.6 3.3 6.5
Extensive 1.00 0.5 280 0.1 02 1.0 4.0 63

1 1422 0.30 320 6.9 - 1.01 3.4  3.8
Moderate , 1.00 0.45 290 1.7 0.2 0.9 2.0 5.0
Extensive 14.22 0.54 620 7.0 7.45. 13.8 2.5
Moderate 1.00 0.71 420 2.1 -0.4 1.7 2.4 8.2
Moderate 1.00 0.78 >700 - 7.0 29.0 37.0 21.9
Extensive 14.22 0.92 620 - 19.2 16.3 3.1
Moderate 1.00 1.0 600 2.8 -0.4 2.3 2.3 10.3
Moderate 1.00 1.0 440 0.3 2.4 1.6 1.6 6.2
Moderate 1.00 1.1 633 52 -0.9 2.1 2.0 9.9
Moderate 14.22 1.3 430 - . 3.51 2.7 10.8
Moderate 1.00 1.3 >700 2.0 2.3 9.0 5.0 11.4
Moderate 14.22 2.0 420 2.63 3.92 2.0 7.2
Extensive 1.00 0.35 670 6.27 4.8 15.9 45.0 5.8
Extensive 1.00 0.35 670 4.39 5.9 16.2 46.0 5.8

'Maximum nominal fuel alloy temperature in EBR-II Is 6560C.

"Maximum and average fission densities in EBR-11 are 1.2 x 1014 and 7.2 x 1013, respectively.

Additional irradiation stability data on assembled EBR-II fuel
elements have been obtained on samples irradiated for subsequent tests in
TREAT. These samples were not disassembled after irradiation; the post-
irradiation measurements (Table A-4) apply to the external dimensions of
the fuel tube assembly. Comparison of data in Tables A-3 and A-4 shows
that the EBR-II fuel element can accommodate substantial burnup without
the resultant fuel alloy growth causing significant changes in the fuel ele-
ment dimensions.

Table A-4

IRRADIATION ERECTS ON EBR-II FUEL ELEMENTS (DIMENSIONAL CHANGES OF Fill. TUBB
IS at-% Fisslum Fuel Alloyl

Burnui,
114

Maximum Temperature. 0C
Bulk Volume
Change, S

Diameter Change,'
in.

S Volume Change 9. Diameter Change'
Fuel
Alloy

Stainless
Steel Clad

at-S Burnup It Burnup

038 580 550 +025 +0.00023 +0.43 4.22
058 580 550 -0 -0 +4 -0
0.58 580 550 -0 -0 -0 -0
0.88'• 440 420 +0.26 +0.00023 +0.30 +0.15
0.88 440 420 +0.35 +0.01031 ' +0.40 +0.20
1.4 500 480 4134 +0.E0030 +0.24 +0.12
1.4 SOO 480 +0.34 +ELMO +0.24 +0.12
1.4 500 480 +0.11 +0.00016 +0.12 +0.06
LI 600 570 +0.43 +DOM* +0.25 +0.13
1.7 600 570 +0.34 +0.01030 +0.20 +0.10
LI 600 570 +026 +0.0005 +0.15 *OS

•Inferred Mom bulk toluene change. It Is Miele ihli ell adureetrk gray► is dameind.

'Mils sample represents five fuel stewards under the same canditions and aith Waller ant-irradiation properties.



172

The EBR-II will be an irradiation facility for its fuel in a truly
fast neutron flux. A total of 105 fuel elements with special identification,
have been distributed throughout 15 core subassemblies. These fuel ele-
ments, which are identical to the remainder of the loading, have been very

carefully measured for weight, length, diameter, and density. It is intended

that the subassemblies containing these fuel elements will be located in core
positions with coolant outlet thermocouples. These subassemblies will be

removed at intervals and the seven special fuel elements contained in each
will be examined to determine the behavior of the fuel as operation proceeds

and to aid in establishing the allowable fuel burnup.

4. Phase Characteristics of EBR-II Fuel Alloy

The phase characteristics of uranium-fissium are similar to

those of the U-Mo-Ru ternary system.13 For reactor operation, the in-

teresting phase transformation is that from the predominantly alpha phase

to the predominantly gamma phase. This transformation occurs at about

550°C (-1020°F). The temperature distribution in the fuel pins suggests that

the center of the pins would be predominantly gamma phase, while the sur-

face of the pins would be predominantly alpha phase. It is believed that

material being irradiated at alpha-phase temperatures tends to at least

partially transform to gamma phase. If this is the case, after a small

amount of irradiation, the gamma phase may be present in greater amounts

than in unirradiated pins.

The transformation kinetics of the 5 wt-% fissium alloy are

relatively slow and have no bearing on instantaneous reactor conditions. A

complete transformation from alpha to gamma phase would exhibit itself as

a long-term reactivity drift. The complete transformation would result in

a 1.4% density decrease. If this density change is isotropic, the long-term

reactivity drift will require about 0.14% Ak/k compensation. This is equiv-

alent to the insertion of about 5 in. of control rod.

5. Blanket Uranium 

Both the radial and axial uranium blankets (where the bulk of

the breeding takes place) contain unalloyed beta-treated, depleted
('-0.2% U235) uranium metal pins (min. density = 18.7 gm/cc). The pins are

contained in stainless steel tubes with a static sodium bond in the annulus

between the pin and the tube.

Fuel alloy burnup limitations dictate the removal of axial

blanket uranium because it is contained in the same suba.ssembly. Since

the anticipated fuel alloy burnup will not exceed 2 at-%, the burnup in' the

axial blanket uranium will not exceed 0.1 at-%. Consequently, there is no

anticipated irradiation problem for the axial blanket; the nominal uranium

temperature does not exceed 1050°F (566°C).
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Nominal uranium temperatures in the outer blanket will not
exceed 932°F (500°C). Maximum localized burnup of uranium and buildup
of plutonium are estimated at 0.02 at-% and 0.1 at-%, respectively, per

reactor core cycle (1.0 at-% burnup of the fuel). Most of the outer blanket
is subjected to both lower temperatures and burnup rates, thus allowing

long in-pile residence.

Operation of the inner blanket subassemblies may be limited

by irradiation damage; consequently, the subassemblies may require re-

cycling more frequently than desired for optimum plutonium production,

economics, etc. Maximum local burnup and plutonium buildup are esti-

mated at 0.09 at-% and 0.2 at-%, respectively, per reactor core cycle.
The calculated maximum uranium (nominal) temperature is 1100°F (593°C).
At this temperature, substantial uranium swelling might be expected. It is
thought, however, that the blanket element clad (0.018 in. thick stainless
steel) will restrain swelling sufficiently to enable achievement of a few

tenths per cent burnup. Only a small number of subassemblies will be sub-

ject to this high temperature and correspondingly limited in burnup.

About 90% of all plutonium production in EBR-II occurs in the
blanket regions. The over-all breeding characteristics of the system are

independent of the blanket cycle, but economics are not. The inner blanket
will provide an irradiation environment to permit evaluation of blanket
alloys. It is also a convenient locationfor experimental irradiation of fuel
and structural materials.

6. Enrichment of EBR-II Fuel Alloy - Analysis After Fabrication 

The enrichment (Uz35 content in U) of the EBR-II fuel alloy was
specified at 48.4 at-% (48.08 wt-%). This requirement is based on both ex-
periment and analysis (see Section IV.I.3.).

Eighty-five process batches, each containing 10 kg of 5 wt-%
fissium alloy were prepared.25 In each case, calculated uranium enrich-
ments (based on constituents in the 10-kg batch), were compared with batch
sample analyses. Table A-5 lists the specified Uz35 and U contents and the
corresponding results from fuel alloy batch analyses.

Table A-6 shows the typical fissium alloy, uranium, and Uz35
content of completed core subassemblies.
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Table A-5

URANIUM CONTENT AND URANIUM ENRICHMENT OF

THE 5 wt-% FISSIUM ALLOY
(Data from Reference 25)

Specified
Obtained from
Batch Analyses*

Wt-% U2 in U 48.08 ± 1.2 48.09 ± 0.10
At-% U235 in U 48.40 ± 1.2 48.41 ± 0.10
At-% U2" in Fissium 42.99 ± 1.06 42.88 ± 0.23
Wt-% U in Fissium 95.00 ± 1.0 94.90 ± 0.1
At-% U in Fissium 88.82 ± 0.95 88.58 ± 0.28

*Average for 85 batches (ingots). Individual batches differ
by less than 1.1% from the average values.

Table A-6

FISSIUM ALLOY, URANIUM, AND U2" CONTENT OF

TYPICAL CORE SUBASSEMBLIES

Subassembly
No.

Total Weight, gm

Subassembly
No.

Total Weight, gm

FissiumUranium
Alloy

U235
Fissium
Alloy

Uranium U235

C-100 6123.80 5817.58 2801.05 C-113 6142.99 5835.84 2808.83

C-101 6116.30 5810.44 2858.28 C-114 6170.76 5862.02 2821.27

C-102 6123.94 5817.74 2798.32 C-115 6198.86 5888.54 2834.09

C-103 6140.09 5833.08 2807.00 C-116 6196.70 5886.26 2833.26

C-104 6136.76 5829.91 2805.00 C-117 6199.65 5889.59 2833.95

C-105 6130.37 5823.80 2804.16 . C-118 6213.74 5903.06 2841.97

C-106 6127.56 5821.18 2801.18 C-119 6189.54 5879.96 2830.10

C-107 6132.90 5826.25 2804.10 C-120 6207.19 5896.78 2838.46

C-108 6114.54 5808.80 2794.80 C-121 6212.98 5902.23 2841.74

C-109 6118.87 5812.90 2798.81 C-122 6169.16 5860.62 2820.65

0-110 6134.24 5824.38 2802.48 C-123 6172.59 5867.46 2823.64

C-111 6132.16 5830.30 2806.23 C-124' 6208.09 5897.64 2840.55

C-112 6140.08 5830.05 2806.58 C-125 6203.66 5893.48 2855.40

4



175

APPENDIX B

COMPONENT TESTS

1. Mechanical Stability and Integrity of Core Subassemblies

A series of investigations were conducted to determine and to

assess the mechanical integrity of the fuel elements and subassemblies.

Some of these experiments were conducte• in conjunction with other in-

vestigations such as the determination of •ressure drop, flow character-

istics, etc. Of particular concern was the stability and integrity of these

units sunder the hydrodynamic and mechani al forces which would (or

could) be exerted during reactor operation

a. Hydrodynamic Tests in W ter

A clear plastic hexagonal
internal dimensions of the EBR-II core su

complement of 91 fuel elements was asse

the unit installed in the water test loop.

flow rates and pressures, and high-speed

determine if vibration of the fuel element

which could be generated in the reactor.
At the conclusion of the test, examination

evidence of vibration such as galling or w

The exit coolant from bl
outward in the upper plenum of the react
was constructed to provide flow across t
determine if significant vibration of the s
the flow past the subassembly upper adap
at varying flow velocities and varying flo

tube was constructed with the

assembly. The standard

bled into this test section and

he.loop was operated at varying

otion pictures were taken to

was induced under any conditions

here was no observable vibration.

of the fuel elements revealed no

ar.

ket subassemblies flows radially

r. Accordingly, test apparatus

e top of a blanket subassembly to

bassembly could be induced by

er. A series of runs was conducted

patterns without developing any

indication of vibration. (Subsequent inve tigations on the scale model test at

The Franklin Institute revealed that the actual flow across the top of the

subassemblies was considerably lower than had been estimated.)

b. Hydrodynamic Tests in Sodium

Tests were conducted on core subassemblies and control

subassemblies in a 4-inch pipe sodium loop primarily to determine flow

characteristics and pressure drop (as described in Appendix C). A second

objective of these tests was to determine the behavior..of the fuel elements

in their closely-packed configuration within the subaisembly under the

approximate thermal and hydrodynamic conditions which will exist in the

reactor. It should be emphasized that these tests were conducted under

isothermal temperature conditions, as the reactor temperature gradients

could not be simulated. .
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Two core subassemblies were tested. The first was run
for approximately 600 hr with sodium temperatures of 300°F to 875°F, and
average sodium velocities from 2 to 25 fps. The second was run for 732 hr
at sodium temperatures of 500°F to 960°F, and sodium velocities from 3 fps
to 26.2 fps. There was no evidence of fuel element warpage or vibration
(rubbing) as can be seen in Figs. B- 1 and B-2.

The tests on the control subassembly included operation
of the control rod. This test accumulated 580 hr of operation with a sodium
flow of 150 gpm at 950°F through the subassembly, plus 160 hr of operation
with flow rates of 20 to 150 gpm at 600°F to 950°F. During this period, the
control rod was mechanically cycled.1,680 times (between "full up" and
"full down" positions) at the high-flow, high-temperature conditions. •Engage-
ment and disengagement of the control drive gripper and the control rod was
performed twice each week for 17. weeks. Again, there was no evidence of

distortion of the fuel elements or the control rod, and no evidence of wear
on the moving parts of the control rods other than a trace wiping of the
aluminum bronze lower bearing.

c. Mechanical Strength of Core Subassemblies

In addition to the normal operating forces, the subassembly

is exposed to "push" and "pull" forces during fuel-handling operations. Of

particular interest was the tensile strength of the subassembly; excessive
pulling forces might be required in the event of "sticking" in the reactor.
Forty subassemblies, with the internals omitted but with standard upper and
lower end fittings spot welded to the hexagonal tube in accordance with pro-

duction methods, were pull tested to destruction. The minimum room-
temperature tensile strength obtained was 12,000 lb, and all failures occurred

by tearing the hexagonal tube at the spot welds. Twenty similar tests were
conducted on control and safety rods with failure occurring at tensile loads
of 13,000 to 16,000 lb. This provides a large safety factor over the 400-
800-pound maximum load limit for which the gripper mechanism is normally
set (and the 3000-4000-pound maximum limit to which it could be set, if

required).

d. Mechanical Strength of Fuel Elements

The fuel elements are attached to a parallel plate grid

consisting of T- shaped plates to .which the end fittings of the fuel elements

are "hooked" (see Fig. 7). The strength of this connection was determined

in a tensile testing machine; it was found that a tensile force in excess of

180 lb per element was required to cause separation. The mode of failure
in each case was by spreading of the horseshoe-shaped fuel element tips

with the tip springing free of the T-bar without tearing metal. The only

pulling force exerted on the fuel elements is the hydrodynamic force of the

coolant flowing around them, and the strength far exceeds the maximum
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force which can be imposed. It should also be noted that during the flow
testing of subassemblies described earlier there was no evidence of
separating or loosening of this connection.

2. Control Rod and Safety Rod Drive Mechanisms

a. Control Rod Drive Mechanisms

Two control rod drive mechanisms were built for purposes
of testing under a variety of operating conditions. The first of these drive
units was similar to the final design except for a slightly different gripper
mechanism and a somewhat shorter drive shaft. Also, the gripper-sensing
device was not included. A control subassembly (rod and thimble) similar
to the final design was included as part of the test equipment. This drive
mechanism was cycled approximately 300 times in air. One complete cycle
consisted of raising, and then lowering, the control rod the entire 14-inch
stroke permitted by the drive unit. The drive mechanism was then installed
in a sodium loop and tested for a period of approximately four months. The
sodium temperature was varied from 300°F to 900°F during these tests. A
total of 13,000 cycles were successfully completed during the four-month
period.

The second control rod drive mechanism tested was iden-
tical to the final design of the units for the reactor with the exception of
having a shorter drive shaft and other minor modifications to accommodate
the experiment in the available laboratory space. The control rod and
thimble were identical to the final design for the reactor. The drive unit
successfully completed 21,000 cycles in air, and 1,700 cycles in sodium.
The temperature of the sodium was varied from 300°F to 960°F during these
tests. In addition to these cycle tests, approximately 35 scram cycles (a
portion of these in sodium) and 15 rod-gripping operations were accom-
plished. A scram cycle consisted of raising the rod the full 14 in. inside
the thimble and then effecting a scram release (disengagement) which rapidly
ejected the rod drive downward with the force of gravity plus the force
derived from the scram-assist cylinder. Pneumatic cylinder assist pres-
sures up to 50 psig were used. (Pressure of about 25-35 psig will be used
in reactor operation.) The rod-gripping operations consisted of gripping
and releasing the control rod upper adapter by means of the gripper
mechanism.

Although only twelve control rod drive mechanisms are
required for the EBR-II, fourteen drives of final design were fabricated.
All fourteen drives were briefly tested by, the fabricator prior to shipment.
This testing was accomplished in air by the previously described general
methods of stroke cycling, scram cycling, and rod-gripping operations.
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Certain of the time displacement data obtained from con-
trol rod scram tests are summarized in Fig. B-3. Time is computed from

the instant a scram signal is received at the rod drive. The scram tests

were made with air cylinder pressures of 0, 25, and 50 psig. The data

from the 0-psig and 50-psig tests, only, are presented as a pair of curves

at each pressure. The data from all fourteen drive units fell between the two

curves at the specified air pressure. It will be noted that the two curves

for the 50-psig pressure converge at approximately 0.3 sec after receipt of

the scram signal and show that all control rods had completed their full

14-inch stroke within this time. However, the curves for the 0-psig pres-

sure do not converge within the time scale of the graph. This is due to the

longer time required to traverse the last 5 in. of the stroke during which

the rod is being decelerated by the hydraulic dashpot. The dashpot is

designed to decelerate the total rod and drive mass in 5 in. after being

accelerated' at about 2 g. At the lower acceleration rate experienced with

zero pressure, the rod enters the dashpot zone at considerably lower

velocities and, because of the fixed characteristics of the dashpot, requires

much more time to traverse this portion of the stroke. The result is that

more than 0.5 sec are required for the rods to drop the full 14 in.; however,

the first 10 in. of rod travel is accomplished, in approximately 0.23 sec

(about 0.07 sec longer than with 50-psig assist). It is intended that the

scram-assist air pressure employed in the EBR-II operation provide a rod

acceleration of 1.5 g. It may be estimated from the displacement-time

curves that the required air pressure is approximately 25-35 psig. (The

exact pressure•will be obtained from curves based on subsequent tests

in sodium.)

Of the fourteen drives fabricated, thirteen were shipped

to the construction site and one was retained at the Laboratory for further

testing. This unit was tested extensively, and operated very satisfactorily

in air (room temperature and heated), and in sodium. The tests included

the following operations:

Environment
Operating Gripper Scram

Cycles Operations Cycles

Air (room temp) 900 20 120

Air (800°F) 700 6 5

Sodium (750°F) 1100 18 80

After installation of the twelve rod drives in the reactor,

each unit was tested extensively in air for all functions and correctness

of all control wiring. This testing was conducted immediately prior to

approach to dry critical and during the Dry. Critical Experiments.
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b. Safety Rod Drive Mechanism

The complete safety rod drive mechanism was tested as
a unit prior to shipment to the EBR-II site. These tests were performed
in air at room temperature. The mechanism was scrammed approxi-
mately 100 times using simulated safety rods. A curve of safety rod dis-
placement vs time during scram is presented in Fig. B-4. The total time
required for complete- scram travel is about 0.320 sec, with the first 9 in.
of travel occurring in approximately 0.2 sec. The shock absorbers of the
drive mechanism were tested separately, in addition to testing of the com-
plete unit. In these tests, the shock absorbers were scram cycled approxi-
mately 50 times, using weights equal to those of safety rods.

After installation of the safety rod drive mechanism in
the reactor, it was. retested prior to the approach to dry critical. This
was done to insure proper mechanical operation and correctness of con-
trol wiring.

3. Fuel-Handling•System Components

a. Packing Gland

Sealing of the reactor vessel cover-lifting column shafts,
the storage rack shaft, and the gripper and holddown shafts, to prevent
loss of the argon blanket gas is complicated by the fact that large axial

movements of the shafts occur and, except for the cover-lifting columns,
the shafts also rotate.

To meet these requirements, each shaft is sealed with a

compression-type packing gland which differs only with respect-to shaft
size. The packing gland is motorized for remote-controlled operation.
It is mounted on a standpipe which bolts to the flange of the nozzle (in the
primary tank cover or small rotating plug) through which the shaft passes.
Figure B-5 shows a complete packing gland assembly.

The packing gland is enclosed in a separate housing for
ease of installation and maintenance. It consists of two sets of four split

standard form, asbestos rings. Each ring is. 0.5 in. square in cross' sec-

tion and contains a graphite lubricant. The two sets of rings are separated

by a metallic spacer; this provides a gap for bleed-in of argon gas to
reduce the leakage rate, if necessary.

When the shafts are not in use, a pressure plate is driven
down to exert a uniform compressive force on the packing and the shafts
are tightly sealed. Prior to either rotation or translation of the shafts, the

pressure plate is driven up to reduce the amount of compression in the
packing. The prime objective of the de.signis to provide adequate sealing

whether the shafts are stationary or in operation.
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A full-scale prototype packing gland assembly was tested

for four months under simulated operational conditions to verify the leak

integrity of the seal under both conditions of packing compression. The

assembly was mounted on a tank containing sodium. An argon gas blanket

was maintained above the sodium vessel. The temperature was maintained

at 750°F and the argon gas blanket slightly pressurized. The pressure

connection was then sealed off from the gas supply and the pressure in the

vessel observed and recorded for several days. The following leak test

rates were measured by this method:

(1) With the packing gland tight and with no bleed-in of

gas to the gland, the leak rate was 0.001 ft3/hr for a blanket gas gauge

pressure of 2 in. water.

(2) With the packing gland loose (such that movement of

the shaft through the gland was possible) and with no bleed-in of gas to the

gland, the leak rate was 0.003 ft3/hr for a blanket gas gauge pressure of

2 in. water.

Both leak rates are acceptably low.

b. Rotating Plug Freeze Seals

The purpose of these seals is to prevent gases from leak-

ing into, or out of, the primary tank around the peripheries of the rotating

plugs. Each seal consists primarily of a vertical circular "blade" (skirt)

attached near the periphery of each plug, and a mating trough attached to

each plug stationary support. The blade moves within the trough, which

contains a low-melting point "Cerrotru" alloy (58% bismuth - 42% tin;

M.P. 281°F). The alloy expands upon freezing.

An approximate model of the seal (about 36 in. diameter

and 12 in. high) was constructed and is shown in Figs. 13-6 and B-7. Various

tests were made on this model, including alternate freezing and melting

cycles, determination of heating and cooling requirements and ease of

rotation, and leak testing. Preliminary experiinents indicated that upon

freezing, the "Cerrotru" separated from the vertical surfaces of the blade

and trough, permitting gas leakage under pressure. Accordingly, a system

in which only the upper half of the alloy in the trough was frozen was pres-

sure tested and found to be a satisfactory solution.

With the seal in the half-frozen state the model successfully

sustained pressure differentials up to 5 psi• (the normal pressure differential

will be only a few inches of water). Even in the molten condition the seal

was capable of withstanding a pressure differential of approximately 0.5 psi.

Based upon these preliminary tests, the two rotating plug seals were designed

to incorporate the following features:



(1) "Fire-Rod" heaters (for melting the "Cerrotru") are

located at two different levels within the blade. The heaters at the upper

level are used only to heat the seal to the molten condition. The heaters

at the lower level, which are in direct contact with the "Cerrotru," are

used for maintaining both the half-frozen condition and the molten condition.

(Z) At each level, the heaters are spaced circumferentially

about 7 in. apart; heaters at the upper level are spaced midway between the

lower level heaters. The lower level heaters are connected by a heavy cop-

per ring to reduce circumferential temperature gradients.

(3) The seals are cooled by flow of shield cooling air past

one side of each trough.

(4) Thermocouples are provided for measuring "Cerrotru"

temperatures at four different levels. At each level, the thermocouples are

spaced circumferentially about 15 in. apart. The first (top) level of thermo-

couples must indicate that the "Cerrotru" is safely above the melting point

before plug rotation is permitted. The fourth (bottom) level thermocouples

provide overheat protection. A portion of the third level thermocouples are

used for controlling the molten condition. A portion of the second level

thermocouples are used for controlling the half-frozen condition. The re-

line' mainder of the second and third level thermocouples are used for verifica-

• tion of the half-frozen condition and for alarm (in the control room) if the

condition is abnormal.

•
To test the operation of this seal design, a mock-up of the

seal, full-scale in the vertical and radial directions, and about 2 ft long in

the circumferential direction, was constructed and operated. Some of the

information gained from the mock-up, and from extensive supplementary

analyses and electrical analog studies, is listed below:

(1) The heaters can maintain any condition desired, using

only a fraction of their rated capacity. This should insure long heater life.

(Z) In the half molten-half frozen condition, the tempera-

ture difference from bottom to top of the alloy was only about 35°F, a

situation tending to aggravate control problems. Analysis of the design

indicated that the addition of cooling fins to the upper half of the trough

exposed to the cooling air should increase this AT to 50°F. Fins were

therefore provided on the seal troughs.

(3) Changing the seal from the half molten-half frozen

condition to the completely molten condition takes about 1 hr. The seal

returns to the half molten-half frozen condition from the completely molten

condition (all heaters off) in about 1.5 hr.
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•
(4) In the half molten-half frozen condition, the third

and fourth (bottom) level thermocouples, which are in the molten region,
indicate very little change in temperature so long as any part of the seal
is frozen. The second level thermocouples do indicate the condition of

the seal and are employed to control the half,molten-half frozen condition.

(5) Setting the completely molten condition control point
at about 350°F will insure that it is impossible for frozen alloy (281°F) to

exist anywhere between the indicating thermocouples.
•
c. Gripper Mechanism Load Limit Tests

An important design feature of the gripper mechanism is

the force-limiting function which controls the push and pull force applied

to a' subassembly during fuel handling. The device used to effect force

limiting is complicated by the fact that it is necessary for the device to

differentiate between the force applied on the subassembly by the mecha-

nism, and the force required to move the gripper shaft. The latter force

has two components: the friction between shaft and packing gland (variable),

and the weight of the shaft. A friction compensator device is employed to

differentiate between these two components. The design allows a wide

range of force-limit settings (approximately 400-4,000 lb) which are easily

adjusted.

A prototype of the force-limit assembly was operated for
about 200 cycles at several force-limit settings over the approximate range

400-800 lb, to verify the accuracy and reproducibility of this design feature.

It was found that the actual force-limit setting.was reproducible and accurate

to within 50 lb, which is adequate.

d. Gripper Tests in Sodium

The gripper mechanism gripping device [Fig. 30] (which

engages the upper adapter of "the subassemblies), and the two gripper

bellows (one of which provides.the sodium seal between the main shaft and

the jaw-actuating shaft, the other between the jaw-actuating shaft and the

sensing-rod shaft) were thoroughly tested in sodium at 800°F.

The test cycle employed consisted of lowering the gripper

into a tank of sodium, closing the jaws over the top end of a simulated

subassembly, raising the subassembly, lowering it, releasing the gripper

jaws, and .raising the gripper. This operation was performed for about

15,000 cycles. Upon conclusion of the test, the gripper jaw assembly was

removed and inspected. It was found to be in satisfactory condition with

insignificant evidence of wear.



183

The gripper bellows were cycled through a 2.25-inch stroke
(design value) while submerged in the 800°F sodium. The bellows developed
a small leak (noted by a loss in pressure within the vessel) after 9,540 cycles.
This performance was considered adequate since the test was estimated to
represent at least twenty years of normal operation in EBR-II.

4. Fuel-Unloading System Components

a. Fuel-Transfer Port Tests 

The fuel-transfer port (Fig. B-8) provides access to the
primary tank for refueling operations. It is employed to seal the opening
into the primary tank to prevent entry of air and the escape of blanket argon
gas. The fuel-transfer port is, basically, a large valve. When closed, it
provides a gas seal for the fuel transfer opening in the primary tank. When
open, it provides access to the primary tank through which the fuel-unloading
machine gripper may pass to insert or remove subassemblies.

A second function of the port is to shield personnel on the
operating floor from radiation streaming upward through the fuel transfer
tube from the primary tank.

To accomplish these objectives, a special type of valve is
used. It may be described as a short cylinder, supported on shafts extending
from each end, with a hole through the cylinder along one of the diameters.
When the cylinder is rotated in its housing until the hole lines up with the
openings in the housing, there is an unobstructed path through the valve into
the primary tank. When the cylinder is rotated 90° from this open position,
the hole is at right angles to the openings in the housing and closes them
completely. The cylinder is filled with lead to provide approximately 10 in.
of lead shielding above the hole into the primary tank.

The gas seal is effected by four "0" rings set in grooves,
in the curved surface of the cylinder. One "0" ring encircles each end
of the 3 in. dia. hole through the cylinder. These seal when the port is open,
reducing the possibility of either argon gas leaking out into the reactor build-
ing, or inleakage of air into the primary tank. The remaining two "0" rings
are set 90° from each of the above "0" rings to seal the openings in the
housing when the port is closed.

The shafts supporting the rotating port are sealed with
silicone "0" rings to provide a back-up seal to the four "0" rings on the
rotating port.

Several tests were conducted on both a mock-up and the actual
fuel-transfer port to verify the leak-tightness of the seals. The mock-up tests
were conducted with a helium leak detector, using a wide range of conditions
of pressure and seal cleanliness to assure the validity of results. These are

summarized as Tests Nos. 1, 2, and 3.
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Test No. 1

The section of the port above the seal was pumped
down to a vacuum of approximately 100 microns and helium was intro-

duced into the section of the port below the - seal. All sealing surfaces and
the "0" ring were clean and dry. No leakage of helium could be detected.

Test No. 2

The lower section of the port, below the seal, was
pressurized with helium to 20 in. of water. The helium detector was intro-
duced in the section above the seal. The "0" ring and sealing surfaces
were clean and dry. No leakage could be detected.

The above procedure was then repeated several times

using helium pressures of 15 in., 10 in., and 5 in. of water pressure,

respectively. No helium leakage could be detected under any of these

conditions.

Test No. 3

To determine what effect a deposit of sodium oxide

on the sealing surfaces would have on leakage, a quantity of metallic
sodium was burned in the lower section of the port mock-up. The oxides

of the sodium deposited on all interior surfaces including the "0" ring
and its sealing surface. The port was then closed and the lower section

pressurized with helium as in Test No. 2. No leakage could be detected

past the seal. Additional checks were made by opening and closing the port

repeatedly, probing frequently with the leak detector. No leakage could be

detected.

Test No. 3 was then repeated after burning more
sodium in the lower section of the port until. the "0" ring and its sealing
surface appeared to be completely covered with flakes and granules of

sodium oxide. This is probably the worst condition conceivable for seating

and sealing the "0" ring. No leakage was detected past the "0" ring under

these conditions. This concluded the series of tests on the mock-up fuel-

transfer port.

Leakage tests were then conducted on the fully-assembled

fuel-transfer port. All tests were performed by pressurizing the interior

of the port housing with helium to 20 in. of water, and using the probe
(sniffer) attachment of the leak detector. These tests are summarized as

Tests Nos. 4, 5, and 6.
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Test No. 4

All interior openings in the port housing were sealed,
including the lower mounting flange, the top flange (or. mating surface for
the refUeling machine) and argon cooling gas inlet and outlet pipes. Helium
was ntraduced through the argon cooling inlet pipe to the interior of the
housing until a pressure of 20 in. of water was 'obtained. The helium detec-
tor p.7.-01-..e was passed over all weld joints, bolted joints, machine screw
penetrations, and shaft seals. Helium leakage was detected at two locations
where shoulder screws (which position the lower "0" ring seats) penetrate
the housing. A silicone grommet was installed on each shoulder screw and

no further leaking was detected. The housing was then re-checked com-
pletely and found to be leaktight.

Test No. 5

The general test procedure was similar to Test No. 4,
except that the temporary seal at the top flange (mating surface) was re-
moved and the rotating port was closed. The housing was again pressurized
with helium as in Test No. 4, and the probe inserted in the fuel transfer
opening in the top flange. No leaks were detected at the rotating port "0"
ring seal.

Test No. 5 was repeated several times, by opening and
closing the port, to determine if "0" ring seal on the rotating port would
seat properly after being removed. No leakage was detected after any of
the rotations.

Test No. 6

A further check was made to determine if any small
leaks existed which were not found by the preceding tests. The procedure
used in. Test No. 5 was follo•ved and the helium gas pressure was maintained
for 1 hr. Subsequently, the detector "probe was passed over all welds, bolted
joints, seals, etc. No leakage 'was detected at any point.

b. Fuel-Unloading Machine Tests

The fuel-unloading machine has been described briefly in
Section III.A.7.b., and is shown in Fig. 22. It is used to transfer subassem-
blies between the primary tank and the interbuilding coffin (which, in turn,
provides transport to the. Fuel Cycle Facility). The following tests were
conducted (or are 'wing, conducted) on specific parts of the fuel-unloading
machine and the machine assembly:
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(1) Gripper Drive Assembly Test

The gripper drive assembly enables the fuel-
unloading machine to reach into the primary tank or the interbuilding
coffin; to grip a subassembly by its upper adapter; to raise or lower it
about 26 ft; to cool it or to heat it during this motion; to release it in the
proper sequence; and to indicate the distance of vertical travel and the
(subassembly engagement) sensing information on the control panel.

The tests on the gripper drive assembly included
the gripper chain, gripper travel, sensing features, gripping and releasing,
indicator readings, and over-all performance checks. All tests were per-

formed satisfactorily in dry air: 45 cycles at room temperature;•20 cycles

at 400°F; and 10 cycles at 750°F.

Similar tests will be conducted with the gripper

end submerged in sodium at 750°F.

(2) Carriage (Dolly) Travel Test 

A self-propelled carriage operates on rails

between the transfer port location and the interbuilding coffin station. It

is used to transport the shield coffin and other parts of the fuel-unloading

machine between these points. In order to test the carriage under the
proper load, lead bars were added to bring the total weight to approximately

34 tons. The carriage deflections, rails, the drive, and the carriage stops,

were checked and performed satisfactorily.

(3) Retractable Shield Actuating Mechanism

Attached to the bottom of the shield coffin is a

doughnut-shaped shield ring. This ring is lowered .over the upper end of
the transfer port or the interbuilding coffin with the aid of four locating
pins whenever a fuel subassembly is transferred. The Z.5-inch vertical

movement, the drive assembly, and the rotating pin alignment, were tested

with satisfactory results.

(4) Rotating Shaft Seal Tests

Eight rotating shafts extend into the sealed upper

plenum of the gripper drive assembly. Six shafts use "Eccentric Shaft

Seals" and two use "Double '0' ring hydrostatically pressurized seals."

Both types of seals were tested repeatedly at room temperature, and at

operating. speeds, using helium or freon at Tpsig. There was no detectable

leakage after 48 hr of operation.:
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(5) Leak Test of Gripper Drive Assembly

The leak-tightness of the complete gripper drive
assembly was tested using 7-prig freon at room temperature. (Since this
assembly consists of many parts, great care was taken•in preparing and
tightening all joints.) There was no detectable leakage after a 7-day period.

(6) Cooling System Tests 

The cooling system provides the proper cooling
(or heating) of a subassembly during transit. The•system also removes
some of the sodium adhering to the subassembly as it is removed from the
sodium-filled primary tank. Assembly and testing of the cooling system
components are still in progress.

A test of the complete cooling system will be con-
ducted after completion of testing of the components. The pressure drop
through the gripper and subassembly within the fuel-unloading machine has
been measured with air at room temperature and has confirmed the analyti-
cal predictions.

• 
5. Sodium Pumps

a. Primary System Mechanical Centrifugal Pumps

Two mechanical centrifugal pumps are used as the main
coolant pumps in the EBR-II.primary coolant system.. Each has a maximum
capacity of 5,000 gpm at 85 psi of 700°F sodium. The approximate EBR-II
full-power requirement of each pump is 4,730 gpm at 56 psi head.

Each pump was given a comprehensive performance test
with water at the vendor's plant. The tests were performed using the in-
dividual variable speed power supply and control system provided for each
pump. Tests were run over a wide range of pump speeds; the results
corrected to sodium are shown on Fig. B-9. The flow acceleration and
deceleration rate was adjusted to meet the specified 0.3 to 0.5%/sec of the
actual flow rate throughout the full speed range of the pumps. The water
tests on each pump totaled about •30.hr of operation,. including several
starts. Disassembly and inspection following the tests revealed, no evidence
of malfunction and all parts were in excellent condition.

Each of the pump motor assemblies was tested with a helium
mass spectrometer to assure the required leak tightness. (All electrical
connections are solid conductors equipped with hermetic seals where they
penetrate the pump motor frame.)
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A sodium test on these pumps was not warranted because

performance and life of a similarly constructed 5,000 gpm mechanical

centrifugal test pump has proved most satisfactory.26 The 5,000-gpm test

pump employs a standard rigid coupling which requires a longer shaft for

coupling purposes than the EBR-II pumps, but the latter require a rela-

tively longer shaft to traverse the radiation shielding between the pump

and the pump motor. The hydrostatic bearing in the test pump is also very

similar, except that the EBR-II pump has additional hydraulic pads within

the hydrostatic pressure pockets. The test pump has a two-speed, 480-volt,

a-c motor, and an auxiliary drive to provide operation at 10% of rated speed.

Each EBR-II pump 480-volt, a-c motor is capable of variable speed over a

range of 10% to 100% of rated speed with adjustable acceleration and decel-

eration rates. Each puniwis poWered by a motor-generator set with an

eddy current coupling which provides variable frequency and voltage.

The reported test results26 were based on 7,500 hr opera-

tion of the test pump. The total operating time with sodium now is 16,100 hr.

This consists of 7,100 hr at full speed (1,750 rpm); 3,700 hr at half-speed;

and 5,200 hr at 10% speed. During the last 3,200 hr of full speed and 800 hr

of half-speed operations, no inert gas was passed down along the pump shaft

to retard the upward diffusion of sodium vapor, except when the test loop

temperature was altered. Gas flow was used during changes in loop tem-

perature to maintain the desired pressure levels within the sealed loop.

The test pump has been started a total of 251 times.

Inspection of the pump after operation revealed that it was

in excellent condition. No significant amount of sodium or sodium oxide

had passed the upper labyrinth seal toward the motor enclosure. There

was no evidence of corrosion or cavitation on the pump parts. All surfaces

exposed to flowing sodium were in excellent condition.

Of perhaps greatest interest was the condition of the

"hydraulic bearing" which operates with sodium under pressure from the

pump outlet. No hydrostatic-centering forces exist until some pump dis-

charge pressure is established. During this brief interval after pump

startup, the bearing functions as a sodium "lubricated" journal bearing.

The wear on the bearing was measured to be 0.001 to 0.002 in. There were

also small grooves, perhaps 0.002 to 0.003 in. deep, which have not propa-

gated or increased in subsequent operation. Neither the wear nor the light

scoring affect operation, since the normal diametral clearance is about

0.017 in. (The EBR-II pumps are provided with additional pads in the

hydraulic bearing which should result in even less wear.)

b. Primary System d-c Electromagnetic Auxiliary Pump

The EBR.-II primary coolant system includes one 14-inch,

direct-current electromagnetic auxiliary pump. The pump has a capacity

of about 500 gpm at about 0.25 psig. When powered by batteries alone, e.g.,
•
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during an unexpected complete power failure with subsequent scram, the
flow will continue at a minimum of 300 gpm for about 20 min. The approxi-
mate EBR-II head requirement for a 500-gpm flow is 0.22 psig.

A 14-inch prototype primary auxiliary pump was constructed
and assembled into a test loop designed to match approximately the desired
hydraulic performance of the pump. Pump flow was read with an electro-
magnetic flowmeter. The differential head across the pump was read directly
with an oil-filled manometer, using a balanced level, twin-seal pot arrange-
ment. Power to the pump was supplied by a rectifier.

The test data produced a head-capacity curve which is a
straight line with the head decreasing slowly from 0.30 psi at zero flow, to
0.24 psi at 600 gpm. Tests on the actual EBR-II nickel-cadmium battery
discharging through a resistance simulating the 14-inch auxiliary pump
application, provided data to estimate the discharge characteristics of the
EBR-II installation as shown in Fig. B-10. Based on this available power
and pump test data, the EBR-II primary system auxiliary pump flow rate
variation with time has been plotted on the same figure. Thus when only
battery power is available, the primary► system coolant flow will continue
for a period sufficient to prevent overheating and to insure a smooth transi-
tion to natural circulation of the priinary sodium coolant.

c. Secondary System a-c Linear Electromagnetic Pump

The EBR-II secondary coolant system features one 12-inch
alternating-current, linear induction electromagnetic pump. This pump has
a capacity of 6,500 gpm at 53 psig. The approximate EBR-II full-power flow
requirement of the pump is 5,900 gpm at 45 psig of 585°F sodium.

Performance and life tests were conducted on an identically
constructed, slightly smaller capacity (5,000 gpm), a-c, linear electro-
magnetic pump. The reported test results26 were based on 5,600 hr opera-
tion at 5,000 gpm with sodium at 850°F, plus an additional 1,000 hr at lower
flow rates and temperatures. The total operating time with sodium now is
8,700 hr at full capacity at 850°F, plus an additional 1,100 hr at reduced flow
rates and temperatures.

One of the major attributes of this type of pump is the very
fine flow control which can be achieved. Refinements were made in the con-
trol system for the M-G power supply and stable flow rates down to approxi-
mately 7gpm were achieved. This type pump is also capable of reverse flow.
This characteristic will be useful in the EBR-II secondary system as a
coolant "brake" to control natural circulation rates.
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The reliability of the pump is best illustrated by the post-
test inspection results. Twelve of the approximately eighty pump tube
supports were observed to be broken. These supports prevent the flat sec-
tion of the pump tube from collapsing while the pump contains a vacuum as
encountered during sodium filling operations, etc. The loss of three thermo-
couple tubes from other portions of the test loop may have caused the pump
tube support failures. The broken thermocouple tubes were 0.25 in. diameter
stainless steel tubing of 0.0625 in. wall thickness, and about 3 to 5 in. long.
These had circulated through the pump and test loop with no adverse effect
on pump operation.

•
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•

Fig. B-6

Experimental Model of Rotating Plug Freeze Seal (Test Head Open)
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APPENDIX C

REACTOR COOLANT FLOW DISTRIBUTION

1. General 

A major objective in the development of EBR-II has been to

achieve high steam temperature and, consequently, high reactor coolant
outlet temperature. As an aid to this end, the reactor employs a coolant

"orificing" system. This system provides an optimum coolant flow rate

through each individual subassembly, the magnitude of the flow rate being

dependent upon the subassembly location in the reactor. The design de-
tails of the system are described in the body of the report (see particularly
Figs. 7, 9, 14, 15, and 48).

To assure that the proper coolant flow rate through each sub-
assembly will be realized in the reactor, numerous experimental tests have
been conducted. Included were tests on full-scale subassemblies, model

subassemblies, and a model reactor. These and certain supplementary
tests are briefly described in this Appendix.

• 
2. Preliminary Tests 

Preliminary flow rate vs. pressure drop tests were conducted
on complete, full-scale subassemblies of both the core type and control
type. Pressure drops across the various subassembly sections (lower
blanket, core, etc.), as well as across the entire subassembly, were
obtained. The influence on flow rate of the control rod position in its
thimble also was established. Most of these tests were run both in a
sodium loop and in a water loop. Although the subassembly lower adaptors
(containing the flow "orifice" holes) employed were of preliminary design,
these tests served to: (1) establish fairly 'closely the pressure drop across
the reactor which would be required; (2) enable approximation of the orifice
hole sizes needed; and (3) confirm the validity of conversion of water flow
test data to sodium flow.

3. Proof Tests

By repeatedly testing in a water loop, revising the orifice hole
sizes, retesting in a loop, etc., the correct orifice hole arrangement can
be determined for each type of subassembly. That is, the subassembly
lower adaptor can be designed by this process to provide the desired flow
rate for any condition of.hole exposure (or reactor grid steps height) for a 
given pressure drop across the subassembly. The question arises, however,
as to what the effective pressure drop across each individual subassembly
(or row of subassemblies) in the core and inner blanket region of the re-
actor might actually be. Because of variations in pressure conditions
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within the reactor outlet and inlet plenums, the .effective pressure drop
would be expected to vary from row to row and, perhaps, even between

subassemblies of the same row. In the upper (outlet) plenum, which is
of considerable depth, only small pressure differentials would be expected.

But in the lower (high-pressure) plenum, substantial differentials could
occur because of the reduced plenum depth and the abrupt changes in flow
area produced by the lower grid steps. More importantly, the close posi-
tioning of the subissembly lower adaptors within the lower plenum could
produce very high local pressure drops, particularly•in the immediate
vicinity of the inlet (orifice) holes. In these locations, the flow areas are
small and the flow velocities are very high. The resulting pressure drops
in these entrance regions could decrease substantially the effective pres-
sure drops across affected subassemblies. Moreover, since the inlet holes
of a given subassembly "face" those of the adjacent subassemblies and draw
coolant from the same local regions, the decrease in effective. pressure
drop experienced would be influenced not only by the flow rate of the given
subassembly but by those of all the adjacent subassemblies as. well. These
numerous, combined effects could not be 'calculated with reasonable ac-
curacy and. were therefore determined by experimental means as described
below.

Extensive water loop tests first were conducted at Argonne on
full-scale subassemblies to establish, tentatively, the lower adaptor
(orifice) hole design for the core, inner blanket, outer blanket, safety, and
control subassemblies.

A:water test program on a simulated reactor then was carried
out by The Franklin Institute under' Argonne direction and was reported in
detail in Reference 27. In this program, a full-scale test loop, a six-tenths
scale test loop, and a six-tenths scale•model reactor were employed.

In the model.reactor, all EBR-II reactor vessel dimensions
affecting flow were duplicated to scale. The model grid, assembly may be
seen in Fig. C-1, including the -stepped portion of the lower grid plate in
the core and inner blanket region. Six-tenths scale model subassemblies
also were constructed for installation into the model reactor. Each model
subassembly was provided with a lower adaptor (equipped with orifice
holes) and an upper adaptor (the handling fixture) which were built precisely
to scale. Between the lower and.upper adaptors, a round tube containing a
,specially designed flow restrictor was used to simulate hydraulically the
prototype subassembly body (the hexagonal can with its fuel and blanket
elements, grids, etc.). The flow restrictor was designed as an orifice-
type flow sensor, so that measurement of pressure drop across the
restrictor could be correlated. accurately with flow rate through the sub-
assembly. The core and inner blanket zones of the model'reactor were
fully loaded with model subassemblies. In the outer .blanket zone only two
model subassemblies per row were installed, the remaining grid holes
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being fitted with simple orifice plugs to provide the correct total outer

blanket flow rate. Fig. C-2 shows the installation of the model subassem-

blies; in this figure the flow-serieing connections to individual subassem-

blies can be seen. The complete model reactor test facility is shown in

Fig. C-3.

The first tests at The Franklin Institute consisted of determin-
ing flow rate vs. pressure drop curves for each type of subassembly, using
the full-scale test loop and the same full-scale subassemblies earlier' •
tested by Argonne. This was done to obtain independent verification of
the Argonne data.

Secondly, flow rate vs. pressure drop (across the subassembly)

curves for most of the six-tenths scale subassemblies of each type were

determined using the six-tenths scale test loop. This was done to assure
that the hydraulic characteristics satisfactorily simulated those of the
actual subassemblies. Simultaneously, flow rate vs. pressure drop (across

the internal orifice) curves were obtained, so that the actual flow rate
through each subassembly later could be determined with the. subassem-
blies positioned in the model reactor.

Following the above tests and installation of the six-tenths
scale subassemblies in the model reactor, comprehensive flow distribution
measurements were made under a variety of reactor flow conditions.
During this testing, the total flow rate through the reactor and the flow rate
through each of the individual subassemblies were measured simultaneously.
This was done for various total reactor flow rates, for various total' sub-
assembly row flow rates (varied by plugging different groups of subassem-
blies), and for both normal and single-pump operation. The major conclusions
which resulted from the tests-were as follows:

(1) The effective pressure drops across subassemblies
at each of the two rows of the inner blanket are essentially equal, but in
the core zone the effeCtive pressure drops vary significantly from row to
row. As an illustration, the approximate effective pressure drop at each
subassembly row for the case of reactor flow distribution as shown in
Fig. 48 is indicated below.

Zone

Subassembly
Row

Number

Effective*
Pressure Drop,

%

Core 1 93
Core 2  93
Core 3 95
Co-re 4 85
Core 5 83
IB 6 100
IB 7 100

*Referred to pressure drop at rows 6 and 7.
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(2) The effective pressure drops at the various rows in

the core are interdependent, as expected. If the row-by-row flow distri-

bution is changed, as by revision of core subassembly design, the• effective

pressure drop distribution is also changed. To enable future minor re-

visions in flow distribution in the EBR-II, a set of empirical equations

was developed from the reactor model test data. These equations relate

the effective pressure drop existing at each row to the total flow rate in

that row and in other influencing rows. By iterative solution of these
equations, the complete flow distribution within the core and inner blanket
zones for any subassembly design (orifice hole.size) can be calculated.
To effect the solution it is necessary only to determine experimentally
the flow rate vs. pressure drop curves for the full-scale subassemblies

(in a water loop, converting analytically to sodium). The form of the
equations is shown below.

Eff. AP5 = 626,7 + aQ1 + bQ5Q4 + cat

Eff. 4 = 6136,7 t eQg fQ5Q4

Eff. AP3 = AP6,7 + Pat + + lcat_z

dQf _4

hQ4Q3 isQL3

Eff. APi,i = 61:36,7 + mC2f..2

where 6136,7 is the pressure drop across subassemblies at rows 6 and 7,
or the plenum-to-plenum pressure drop. The coefficients (a-m) are con-
stants and were evaluatd from the model test data but are not presented
here. Q1_2 Is the total flow rate in rows 1 and 2; Q3 is the total flow rate
in row 3; Q4 is the total flow rate in row 4; and Q5 is the. total flow rate
of the core-type subassemblies in row 5. (Flow through the control sub-
assemblies is not included in Q5 because the flow inlet holes are positioned
higher than those for the other subassemblies and they are not strongly
involved in the flow interactions between subassembly rows. The effective
pressure drop across control subassemblies was found to be approximately
equal to that for rows 6 and 7.) It should be noted that the equations are
valid only for core subassembly orifice hole locations as presently em-
ployed (Fig. 7).

(3) Flow distribution within the core and inner blanket
zones does not change significantly with change in total. flow rate (within
the range of interest, approximately 10% to 100% of full flow).

(4) Flow distribution is essentially unaffected by single-
pump versus two-pump operation. Although single-pump operation is not
contemplated for EBR-II,*the model tests showed that less than a 3%
variation from average flow rate might be expected. for subassemblies of
a given row, whether located.closest to the active inlet or diametrically
opposite it.
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(5) Dye studies of flow patterns in the upper (outlet)

plenum of the model showed that extremely little lateral flow across the ,--i''4,- • ,
outer blanket subassembly upper adapters will occur in EBR-II. The ,- .1--.0,,s,

main flow occurs at an elevation above the tops of the adapters. Accord-. . 7',r

ingly, no tendency for subassembly vibration induced by flow past the
L--J.-•,.-. ,'

G--(. ."
adapters is anticipated. 

,„.,-)- "2

4. Special Tests

In addition to the coolant flow distribution tests described

above, a number of special-purpose tests were conducted. The more

significant of these are described below.

(1) One objective of the control subassembly design is

to achieve automatic variation of flow rate with control rod position

(insertion) such as to maintain a nearly constant maximum fuel tempera-

ture. With this arrangement, maximum utilization is made of the total

core coolant flow, and minimum thermal cycling of the hottest fuel in the

(regulating) rod is experienced. The lower adapter of each rod is provided

with an external taper; when the rod moves axially within the thimble, a

flow annulus of varying area is presented. By repeated water loop tests

and modifications of a full-scale control subassembly, the optimum details

of adapter taper, inlet hole number and arrangement, and inlet hole size

were determined. The flow rate vs. insertion curve for the final design

is shown in Fig. C-4.

(2) An important factor in determination of temperature

distributions within the core is the coolant mass flow distribution within
the core section of a subassembly. To determine the mass flow rate as-

sociated with each fuel element, it is necessary to know the flow area

associated with each and the velocity profile across the section. The flow
area is easily ascertained. The velocity profile across such an array,
however, cannot be calculated with accuracy and resort must be made to

experiment.

A model subassembly was constructed, complete with
91 model fuel elements. This was a precise scale model except for short-
ened blanket sections and an.added taper at the top end of the fuel elements,
neither of which would affect flow distribution through the active core
section. Pitot-static probes, which measure local static and total pressure

simultaneously, were selected as the primary sensing devices. The
smallest probe of this type which appeared usable, including plugging and
response considerations, was of 0.042 in. outside diameter. Because the
actual core subassembly has only 0.019 in. wide (straight line) gaps avail-
able for probe traverses, it was necessary to employ a model scale factor
greater than two. Because water was to be used in the model instead of
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sodium, Reynolds Number criteria and available pump size limited the

model scale factor to not more than three. An intermediate scale factor

of 2.874 was selected which permitted use of a readily available rod
diameter (0.500 in.) for the fuel elements.

The model was installed in a water loop constructed
of copper pipe. Figure C,5 shows the model assembly of lower blanket,

fuel element grid and core section, and.Upper blanket (separate).
Figure C-6 shows two probes and probe supports assembled for testing.

Extensive measurements of velocity distributions were accomplished,

complete traverses being made from wall to wall in various directions
and at several elevations within the core section. Data were taken at

each elevation at approximate 0.054-inch intervals• of traverse with probe

positions being known within approximately 0.015-in.

It was found that the average velocity of the coolant

associated with each of the 61 interior fuel. elements ranges from 97% to
100% of the average coolant velocity within the .core section. The average

velocity of the coolant associated with each of the 30 peripheral fuel
elements is approximately 102% of the average coolant velocity within
the core section. The coolant mass flow rate associated with each interior
element ranges from.82% to 84% of the average mass flow rate per element

of the core section (total mass flow rate divided by 91). Because of the
relatively large flow area existing between the peripheral fuel elements
and the subassembly wall, the mass flow•rate associated with each peripheral
element is about 136% of the average.mass floW rate per element of the
core section. These tests and results are described in detail inReference 28.

(3) As noted in the body of the report (Table XII), leakage
of coolant from the flow system to the primary tank bulk sodium occurs at
several locations. Several tests were.conducted to establish the magnitude
of these leakages.

The 47 core.-type subassemblies in rows 1 through 5
have a diametral clearance of 010085 in. between the lower adapter of
each subassembly and the lower grid plate. Coolant under pressure in the

inlet plenum leaks through these :clearance annuli, returning to the bulk
sodium in the primary tank. Using a'test loop (sodium), the leakage be-
tween a core subassembly and' a simulated grid support was. measured by
collection of the leakage flow in a tank. Measurements were made with a
number of pressure differentiald across the simulated lower grid plate.

Based on these experimental data the total leakage for the EBR-II core
subassemblies in rows 1 through 5 was established at 75 gpm of 800°F
sodium at full reactor flow. Similar tests on control and safety subassem-

blies established the total leakage between the rods and their thimbles and

between the thimbles and lower grid plate tobe•about.125 gpm at full re-

actor flow. The same experiMental data- enabled: calculation of Leakage
between the .66 inner blanket.subaisembly.lower adapters and the lower

grid. plate (105 gpm at full reactor flow)`.

•



In an experimental sodium test loop, a labyrinth-type
seal was installed, simulating the seal on a control rod drive shaft where
it passes through the reactor vessel cover. Leakage rates were meas-
ured by allowing seal leakage to flow through an overflow pipe to a collec-
tion tank. A curve of flow versus pressure drop was obtained and compared
to calculated values. Using these data and the final dimensions of the
control rod drives, the gripper, the holddown, and the spare gripper lab-
yrinth, the total leakage around these mechanisms was estimated to be
about 57 gpm. Total leakage from the reactor upper plenum, including
that at the split line between vessel and cover, is estimated at.105.gpm.

•

•
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APPENDIX D

STABILITY STUDIES ON EBR-I, MARK-III CORE

The stability studies on the EBR-I, Mark-ILI. core have been com-
pleted and a final report issued.29 The following. is a summary of the
results obtained.

From the results of stability studies it may be concluded that the
operational characteristics of a fully-ribbed and rigid Mark-Ill core load-
ing were governed by feedback processes which guarantee safe and stable
operation under normal operating conditions. The stabilizing ribs in-
creased stability in two ways:

(1) The ribs provided strong radial coupling between fuel rods,
and between fuel rods and hexagonal cans, with the consequence that a large
radial contribution to the power coefficient of reactivity was realized.

(2) The ribs eliminated, for 'all practical purposes, positive feed-
back effects arising from the inward bowing of. fuel:rods during power in-
creases. Absolutely no evidence of positive reactivity effects was noted
for the fully-ribbed and rigid core.

The extrapolations of full power, fullflow test data indicated that
the reactor could be brought into a resonant.condition only at power levels
exceeding 1,000 Mw. Nominal full power operation was limited to 1.2 Mw
by design. The hypothetical instability condition was only of academic
interest since the limiting power level was not controlled by instability
but by heat removal capability. In a practical sense, the fully-ribbed
Mark-III loading could never have been made unstable.

The observed now-lin.earities in the power coefficient of reactivity
posed no serious operational problems over the range of power levels
associated with the tests. Except fOr the regionbetiveen zero power and
ZOO kw, where the power coefficient was. small, but still negative, the
power coefficient was always. very.-strongly. negative. Non-line ar itie s
were relatively unimportant as related to system. stability. They did,
however, complicate the interpretation of. test data; irt‘terms of a single
unified model which couict be applied Over wide ranges. of power, flow and
temperature conditions. The origin of the• non-Iirrearities appears to have

been a consequence of power and temperature' sensitive clearances exist-
ing between fuel rods and hexagcsial,cani(as. Many as 36 fuel rods can be
accommodated in a single hexago41.ce4..aucibitWeen the hexagonal cans.
Attempts to define such systems mathematically were• further frustrated
by differences between the expansion. coefficients of .futsi and structural
materials. The association .of Site•h.extremely:tenuous *clearance systems
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with power coefficient non-linearities cannot be placed on a firm analytical
basis. The descriptive interpretation of the effects caused by such clearance
systems is nevertheless important, not only for an understanding of
Mark-III behavior, but as a guide for non-linear phenomena in other fast
reactors.

The power coefficient was also shown to be sensitive to inlet coolant

temperature. Significantly larger static and dynamic power coefficients of
reactivity were associated with increased coolant inlet temperatures. Feed-
back time dependence was insensitive to variations in coolant inlet tem-
perature. This effect was probably due to the strong temperature dependence
of the uranium-zirconium fuel alloy expansion coefficient. The effects of
increased feedback at higher temperatures were relatively minor.

The influence of structural feedback was also observed in Mark-III,
fortunately to a much smaller degree than in the earlier Mark-II design.
At the higher inlet temperatures, approximately 13% of the static power
coefficient was associated with a feedback process operating with a
400-second time constant. Because of the extremely long time constant,
it is assumed that the physical process was associated with some massive
portion of the structure at some downstream location. The existence of
this delayed component had little effect on stability because it could not
be observed with frequencies greater than 0.003 cps.

Attempts to enhance and measure possible feedback effects arising
in the radial breeding blanket were unsuccessful. It may be concluded that
the assumed possible feedback mechanisms due to the pre-heating of inlet
coolant by the transfer of heat between core outlet and blanket inlet in
series coolant flow were non-existent or extremely small. Pre-heating
conditions were similar for both Mark-II and Mark-III; therefore it may
be concluded that strong blanket feedback mechanisms were not the
source of the Mark-II delayed negative component.

As the coolant flow was reduced (at constant power), three feedback
phenomena varied:

(1) The power coefficient increased inversely proportional to the
change in flow rate.

(2)

(3)

The time constant for fuel expansion increased.

The effective transport lag increased.

All of these changes tend toward instability since they tend toward increased
feedback amplitudes and phase lags at the important frequencies. Extrapo-
lations of one-third coolant flow test data concluded that the reactor would
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reach resonance instability near 10 Mw; this is more than twenty times the

power level consistent with one-third flow. Coolant flow reductions at con-

stant power tend to lower the indicated resonance power level. Extreme

flow reductions were inadvisable, not only because of the lowered resonance

power level but also because fuel element temperatures might have exceeded

design limits.

The results of removing the stabilizing ribs from fuel elements dem-

onstrated the existence of a strong positive reactivity effect which was

associated with the inward bowing of fuel rods. The extrapolation of kinetic

data obtained by removing the stabilizing ribs from one-third of the fuel

elements gave + 2.06 x 10-6 (Akik)/kw for the full core with ribs removed.

Since the prompt negative component of reactivity associated with fuel,

coolant, and blanket expansion was - 2.21 x 10-6 (.6.k/k)/kw, the response

of the "non-ribbed" reactor would have still been governed by a very small,

but negative, prompt power coefficient.

Removal of stabilizing' ribs also produced an increase in the mag-

nitude of the delayed structural component of the power coefficient. An

empirical model describing the dynamic and static behaviors of the

partially-ribbed core gave -2.21 x 10-6, +0.543 x 10-6, and

- 0.873 x 10-6 (Ak/k)/kw for the respective prompt negative, rod-bowing,

and delayed structural components of the power coefficient. These values

may be correlated with those deduced empirically for the prompt negative

and delayed structural power coefficient components for the fully-ribbed

core, namely - 2.21 x 10-6 and - 0.330 x 10-6 (Ak/k)/kw, respectively.

The magnitude of the positive component due to rod bowing was equal to

the increase in the magnitude of the negative structural component of the

power coefficient. Rib removal, therefore, introduced two feedback proc-

esses: (1) rod-bowing which was prompt and positive; and (2) a negative

and extremely delayed structural component. It was clear, however, that

the strong increase in the negative structural term did not affect the

resonance stability of the partially-ribbed core (and the same is indicated

for extrapolations to the non-ribbed core), since reactor oscillations at

low frequencies (-0.02 cps) could not sense this delayed effect.

The Mark-III core, whether fully-ribbed and rigid, fully-ribbed and

loose, and even partially ribbed, was extremely stable, a major departure

from Mark-II experience. The most undesirable feature of Mark-II had

been the prompt positive, rod-bowing reactivity effect. The inclusion of

stabilizing ribs and a system of tightening rods in the Mark-III eliminated,

or at least minimized beyond detection, similar effects in Mark-III.

The presence of 'a delayed negative component to the power coeffi-

cient of reactivity was another important observation in Mark-II. This

appears to have been the result of delayed expansions in' the 'structure of



the lower shield plate.30 Experiments with a dummy shield plate have
established the existence of radial movements of the shield plate ligaments
which, because of their :contiguity•wi'th the fuel rod extensions, effectively
modified the core size following power changes. This effect was clearly
negative and operated with a time dependence con.siatentwith that analytically
deduced from the Mark-II test data. Structural features such as the
Mark-II shield plate were eliminated in Mark-III and no significant,
long-delayed reactivity coefficient was observed in Mark-III.

In summary, the Mark-II instability was enhanced by the prompt
positive and delayed negative power coefficient components which were
the result of design peculiarities. The elimination of the perforated shield
plate system and the addition of the stabilizing ribs to the Mark-III fuel
rods has resulted in a reactor whose performance was stable under all
credible operation conditions.

•

217



218

APPENDIX E

CRITICAL EXPERIMENTS ON ZPR-III

The EBR-II critical experiments on ZPR-III were designed to
provide detailed neutronic information.19 These experiments were per-
formed with mock-ups of the EBR-II reactor configuration simulating
the normal power loading (with sodium coolant). In addition, a large
number of experimental investigations were made on systems similar,
with respect to size and composition, to the EBR-II.31 The experimental
data have been well correlated with analysis;17,32 hence, the significant
neutronics of the•EBR-II are believed to be well understood.

The ZPR-III critical experiments utilized low-density aluminum
to simulate the sodium coolant volume of the reactor system. Gross and
detailed substitution experiments with canned solid sodium, an& aluminum
of different densities, confirmed the validity of the use of aluminum and

that coolant removal reduces reactivity.

1. Critical Mass and Reactivity Effects

The critical mass of the reactor configuration which most

closely resembles the geometry and composition of the EBR-II was meas-
ured to be 165 kg U235. This critical configuration was predicted within
a few kg U235.

The average reactivity worth of a mock-up reactor control rod

was measured to be 0.37% Ak/k.

The reactivity worth of a mock-up core subassembly, relative
to low-density aluminum (simulating the displacement of sodium), is
principally a function of radial position in the core. These measurements
are listed in Table E-1. Also listed are the reactivity worths of Inner

Blanket subassembly mock-ups relative to low-density aluminum.

Table E-1

REACTIVITY WORTHS OF CORE AND BLANKET SUBASSEMBLIES
AS A FUNCTION OF POSITION

IZPR-DI Mock-up Experiments)

Reactor Row
NumberWorth,
(Fig. 541

SubassemblyReactivity

Type
%AM

1 Core 1.53
2 Core 1.48
3 Core 1.31
4 Core 1.05
5' Core • 0.77
6 Blanket 0.18
7 Blanket 0.04
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A number of detailed experiments were performed to determine the
reactivity worth of various materials uniformly distributed throughout the
reactor core and reflector regions. These were used to convert the data
from the "aluminum-cooled" ZPR-III, to the sodium-cooled reactor. The

pertinent measurements are given in Table E-2. Additional measurements
are reported in Reference 19.

Table E-Z

REGIONAL MATERIAL REPLACEMENT EXPERIMENTS

[in % (A k/k)/kg of Material x 102]

Material Core

Reactor Region*

Axial
Structural
Gaps**

Reflectors

Radial Axial

Aluminum 7.4 5.8 3.7 1.6
Stainless Steel 2.3 2.7 2.0 0.8
Sodium 11.6 6.4 5.8 3.7
U235 33.5
U238 1.5

*Core contains enriched uranium. Reflector regions
contain depleted uranium. Structural gaps contain
no uranium.

**The axial structural gaps are located between the
core and the axial reflector.

Additional distributed material replacement experiments were
utilized to determine the reactivity effects of fission products, including
the 5 wt-% metal fission products in the fissium fuel alloy. These are
given in Table E-3, along with measurements on synthesized fission prod-
uct compositions and some structural materials of potential future interest.

Table E-3

MATERIAL REPLACEMENT EXPERIMENTS

(Distributed throughout EBR-II Core)

Material
Reactivity, ,

70(6k/k) x 10 kg
Material Reactivity_ 1,

70(Ak/k) x lOykg

Molybdenum +2.4 Physicum II* -2.5
Ruthenium -0.2 V +5.9

Rhodium -5.6 Nb +0.29
Palladium -2.0 A1203 +13
Physicum I* -3.3

*Synthesized fission product mock-ups (see Reference 31).
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2. Power Distribution 

Uncertainties in the predicted power distribution were estimated
by comparing predicted with measured fission distributions from ZPR-III.
Predicted fission distributions were obtained from the multigroup, two-

dimensional (r,z) analysis:

co

f 

...

F(r,z) = af(E) 0(E,r,z) dE

0

where af is the fission cross section; 0 is the neutron flux; and E is the
energy. These calculations used the eleven-group constants from Refer-

ence 32.

Figures E-1 and E-2 compare experimental with theoretical
radial and axial fission distributions, respectively. Since these experi-
mental data are insufficient for an absolute power calibration, they are
normalized to the predicted U235 fission density at the center of the core.

The slight dip at r=11 cm for the experimental U238 fission distribution
in Fig. E-1 is attributed to the presence of the safety rods. These were

not properly described in the two-dimensional (r,z) analysis. Since the
U2311 fissions predominate in the inner regiOns of the radial blanket, it
can be seen that fission densities in this region are reasonably well
predicted.

The deviations between theory and experiments in and near the
gap regions indicated in Fig. E-2 must be attributed to an inadequate under-
standing of the neutron cross sections of aluminum and stainless steel.
However, since very few fissions (<2%) occur in the axial reflectors,
these deviations between theory and experiment are not significant in
determining the reactor power distribution.

3. Neutron Source and Instrument Thimble Experiments

Experiments were conducted to determine the attenuation and
spectral shift of neutron flux from the center of the core to the "J" and
"0" thimbles (Fig. 54) where the flux monitoring fission counters 'and
ion chambers are located. The. "J" and "0" thimbles are located 58 in.
and 78 in., respectively, from the reactor centerline .at the central core

plane. The unperturbed neutron flux can be estimated within, and outside

of, the graphite neutron shield under the postulate of no thimble and uniform
shield. However, the presence of the "J" thimbles (15 in. OD) appreciably

complicates such an estimate and reduces the accuracy of the predicted

result. The other aspect of these investigations dealt with determining the

neutron yield of an Sb-Be neutron source of the type to be employed in the
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EBR-II. Estimates of neutron yield are extremely uncertain. The objec-

tives of these experiments were to determine:

(1) The required Sb activity in the Sb-Be neutron source.

(2) The geometric and compositional arrangement outside of the
radial blanket and around the "J" thimbles to optimize low-power fission
counter response.

Two independent series of experiments were conducted. The
first series dealt with the early design of the neutron shield and reactor

vessel [Figs. 8, 20, and 211. The second series of experiments investi-

gated several geometrical and compositional arrangements adjacent to
the "J" thimbles in the final design configuration (Fig. 18). Only those
results pertaining to the final reactor configuration are cited here.

An absolute fission counter was placed at the core center and

another at the radial core boundary during each investigation. Additional
counters were placed throughout the radial blanket and neutron shield.
However, the information of primary interest was that of J-1 and J-2
thimble fission counter response relative to the absolute fission counter
response, and thus relative to reactor power. Table E-4 summarizes
experimental counter response data for a critical reactor producing one
watt of thermal power.

Table E-4

INSTRUMENT THIMBLE FISSION COUNTER RESPONSE

(Critical reactor; 1 watt)

Location
Counter
Response,

cps

Cadmium
Ratio

Comment*

J-1, -2
J-3, -4
0-1, -2, -3, -4
Core Center
Radial Core
Boundary

730
395
—20
170

82

1.9
2.4
—5
1.0

1.0

A
A
A
B

B

*A = Fission Counter (Same as those in Channels 1, 2,
and 3 described in Section IV.A.2.c.)

B = Absolute Fission Counter (Contains —0.8 mg U235).
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The neutron shield configuration adjacent to the J-1 and J-2

thimbles was investigated in a subcritical assembly. With a 10-curie

Sb-Be neutron source located at the reactor core-inner blanket interface,

subcritical count rates were obtained in the mock-up J-1 thimble as well

as at the core-inner blanket interface (across the core from the source).

The source location duplicated the Dry and the Wet Critical experimental

arrangements with the core between the source and the "J" thimble. The

experimental results are summarized in Table E-5. The ZPR-III mock-

up experiments cited here as well as similar Dry Critical investigations

(Appendix L) showed that sufficient counter response would be obtained in

he "J" thimbles for very low reactor multiplications with a strong Sb-Be
neutron source. These results obviate the need for in-core instrumen-
tation during the Wet Critical Experiments, or special provisions to en-

hance counter response in the "J" thimbles. The latter were also
investigated on ZPR-III.

Table E-5

SUBCRITICAL COUNT RATES IN J-1 THIMBLE

(Source Strength —10 curies)

Approximate
Fission .Counter
Response, cps

kelf
Multipli-
cation

J-1
Thimble*

Core-Reflector**
Interface

0.97
0.94

33
16

11
6

r-3
—2 •

*Fission Counter (Same as those in Channels 1, 2,
and 3 described in Section IV.A.2.c.).

**Absolute Fission Counter (Contains —0.8 mg U235).

4. Other Experiments

The foregoing experiments represent a small fraction of
studies performed on the EBR-II mock-up on ZPR-III. General investiga-

tions included the effect of inhomogeneity, neutron lifetime, spectral
indices, and a large number of material replacement experiments.

•
4
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APPENDIX F

EFFECTS OF OPERATIONAL ABNORMALITIES

1. Nuclear Accidents

Several cases of reactor mismanagement and/or malfunction
were assumed and analyzed earlier [Appendix A-1, p. 198]. The six as-

sumed hypothetical conditions were described as follows:

"Case I.

Assume the reactor is at delayed critical and at zero

power conditions (-8 watts and 600°F) with the shutdown safety

rods out. These rods are then inserted into the core at their

normal speed of 2 in./min.

"Case 2.

Assume the reactor is at delayed critical and zero power

conditions with the central fuel subassembly removed. This

subassembly is then loaded at regular speed of 6 in./min for
the last 24 in. of travel.

"Case 3.

Assume the reactor is at delayed critical and zero power

conditions and a single control rod is driven in at 5 in./min.

"Case 4.

Same as Case 3 except we begin excursion at operating
power and full flow.

"Case 5.

Assume the reactor is at delayed critical and zero power
conditions with the central fuel subassembly being loaded. It
is dropped and falls into the reactor. This is an accident where
the reactivity is added rapidly.. Two cases are considered,
first where the subassembly is dropped from just above the
core, and the second where the subassembly falls the full length
of the reactor.

"Case 6.

Same as Case 2 but the fuel subassembly is driven all the
way in at high speed (72 in./min)."
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An analytical evaluation [Appendix A-1] of these accidents

showed that the first four cases involving "uncontrolled" reactivity addi-

tions by normal components of the reactor system (at normal speed) are

terminated by normal operation of period and/or power level trips. In

the event the safety devices fail, reactor melting may occur. This is also

true of the last two hypothetical accidents (Cases 5 and 6). It should be

noted that a combination of malfunctions and/or a gross loss of administra-

tive control are required to achieve these hypothetical conditions.

These conclusions, based on kinetic analyses, contained un-

certainties because neither the reactivity insertion rates nor the thermal

feedbacks had been verified experimentally. The conclusions have been

strengthened by measuring the total and incremental reactivity worth of

control, safety, and core subassemblies on the EBR-II mock-up on ZPR-III

as well as during the Dry Critical Experiments. The measurements of the

EBR-II dry isothermal temperature coefficient and gross and detailed

material replacement experiments on ZPR-III have indirectly verified the

predicted prompt reactor shutdown coefficients.

Table F-1 summarizes expected reactivity insertion rates for

the reactor and compares these with the original predictions used to es-

tablish the mechanical drive speeds. Measured results from ZPR-III and

the dry critical reactor are shown for comparison. Total reactivity worths

of control, safety and core subassemblies were originally predicted
[Appendix A-1] slightly higher than are now estimated on the basis of sub-
sequent experiment and analysis. Therefore, the actual reactivity insertion
rates, with the same mechanical drive speeds, are less than those used in
the accident analyses.

Table F-1

NORMAL RATES OF REACTIVITY INSERTION

Control Rod Two Safety Rods Loading Central Core Subassy.

Original
Predictions

Measured

Present
Estimated

Original
Predictions

Measured

Present
Estimated

Original
Prediction 

a

Measured
EBR-I1
mockupon

ZPR-Mb

Present
Estimated

EBR-II
Mockup

ZPR-nllib

EBR-11
Dry

Criticalc

EBR-11
mockup

...,,
ZPR-ni-

EBR-IiDry

CritIcelb

Total Reactivity
Worth, il 6, klk

Drive Speed. in./min

Effective Stroke, In.

Rate of Reactivity
Addition.
% Ltklid/seci

Average

Maximum

<0.6

5.0

14.0

0.003

<0.006

0.37

(5.01

(14.0

0.0022

0.0040

0.35

5.0

14.0

0.0021

0.0030

0.4

5.0

14.0

0.0024

<0.0041

2.0

2.0

14.0

0.005

<0.010

1.36

(2.01

14.0

0.0032

0.0055

'
L03

2.0

14.0

0.0025

0.01336

1.3

2.0

14.0

0.0031

0.0053

.4.0

6.0

-

0.015

0.02

1.5

(6.0)

-

0.011

0.018

1.5

6.0

-

0.011

0.018

aMultlgrouo calculations in ANL-5719. (For more recent calculations see Reference 17.1

bThe drive weeds are inferred. Only static Incremental measurements were performed (see Appendix El.

csoo Appendix L and Reference 2.

dThese values are aeproorlahi for reactor startup.
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The lower reactivity insertion rates provide more time for an
accident to be terminated if the predicted prompt shutdown coefficients
are operative. Verification of the predicted prompt temperature-induced
shutdown coefficients is inferential. The measured dry isothermal tern-

perature coefficient is -2.6 x 10-5 (lIk/k)/°C; this may be compared with

a corresponding predicted value of -1.8 x 10-5 (Akik)/°C. This comparison

may be used only to show that the predicted shutdown coefficients have the

right order of magnitude. More detailed comparisons between predicted

and measured reactivity effects are based on ZPR-III material replace-
ment experiments. Table F-2 compares predicted reactivity effects due
to changes in reactor density and geometry [Table A-1], with data from
material replacement experiments with the EBR-II mock-up on ZPR-III.
The predicted core reactivity coefficients are in substantial agreement
with the measured values. These are the more important shutdown coeffi-
cients in a slow excursion, while the core fuel expansion alone is most
important for a fast excursion.

Table F-2

REACTIVITY EFFECTS OF CHANGES IN MATERIAL DENSITY

(In units ofAtle)k 

Uraniuma Sodiuml Stainless Steel'

Original
predictionb Measured

Original
predicoonb Measured

Original
predictionb Measured

Core 0.55 0.52 0.03 0.034 0.028 0.023

Inner Blanketc 0.047 - 0.007  <0.01 0.016 <0.03

Outer Blanketc 0.01 - 0.0006 >0.0004 0.0021 >0.008

Total Radial Blanketc 0.057 - 0.0076 <0.011 0.018 <0.044

Structural Gaps - - 0.013 0.011 0.026 0.027

Upper *Lower Blanket 0.017 - 0.0074 0.0073 0.015 0.0042

Mal Can bipinsionrd ad • 0.27 A UL laradictui • 0.28 AUL (measuredL

&Effect d change in density.

b [Tole A-1].

cResults on blanket suestitutions are not well defined because d uncertainly in radial boundary locations in the
ZPR-.11I experiments.

dIncrease in core height without decrease of density.

It may be concluded that reactivity insertion rates are slightly
less than, and shutdown coefficients are essentially unchanged from, those
used in analyzing the six accidents. The original analyses [Figs. A-1 to
A-22] are essentially unaltered when compared with more recent analyses.
The only new conclusion pertaining to the course of these postulated acci-
dents tends to make slightly more time available for either the operator
or the circuitry to terminate the excursion. Table F-3 summarizes the
six postulated mechanical malfunctions (described earlier - Cases 1
through 6),. and their consequences under various conditions.
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Table F-3

SUMMARY OF SIX HYPOTHETICAL ACCIDENTS

Case
No. 

a
Initial
Power,
watts

Loss of
Administrative

Control? b

How
Terminated

Time,
sect

Power
Level,
watts

Time for

Melting,d
sec

• 8 yes Period <70 - 120
Level 70 103

2 8 yes Period <25 - 55
Level 30 103

3 8 no Period ? e - ...230f

Level •-100 103

6 x 107 no Period -g - 20-50h

Level --, 5 6.9 x 101

5 8 yes Period ?i - 0.13
Level ? <10z

6 8 yes Period <1 - —6
Level 4 103

aCase Descriptions (complete description in text):

1. Safety Rod Drive, 2 in,/min.
2. Central Core Subassembly Loading Mechanism, 6 in./min.
3. Control Rod Drive, 5 in./min.
4. Control Rod Drive, 5 in./min.
5. Central Core Subassembly Loading Mechanism, gravity induced.
6. Central Core Subassembly Loading Mechanism, 72 in./min.

bIs loss of administrative control required to initiate the accident?

cAfter reactivity insertion is initiated.

dTime required for melting to occur after reactivity insertion is initiated if both
period and level trips are inoperative or not effective.

CA 20-second period trip setting may cause a period scram at —100 sec.

(Melting may not occur but fuel alloy-clad eutectic formation temperatures will
be exceeded in the fuel alloy.

gPeriod will not be short enough to cause period scram.

hTo achieve fuel alloy-clad eutectic formation temperature on surface of hottest
fuel pin. The clad temperature will be lower. The range is large because the
required time depends on (1) control rod position, and (2) the influence of un-
certainty factors (Section IV.B.3.).

iBoth period and level trips will actuate immediately but time may not be
available to prevent fuel alloy melting.

The potentially most serious of these accidents, requiring al-
most immediate response of the automatic trip circuits to prevent serious
damage, must be preceded by a gross loss of administrative control during
fuel handling (loading the reactor). Normally, the reactor is at least 



a

4

(2)

• (3)

ZZ9

3% A k/k subcritical while fuel-handling sequences are carried out. To
postulate the reactor at delayed critical would require the inadvertent in-
troduction of at least ten enriched inner blanket subassemblies in row 6,

in addition to those required for normal operation. The inadvertent intro-
duction of so much reactivity bringing the system to very high multiplica-
tions characteristic of an approach to delayed critical certainly would be
apparent on subcritical flux-monitoring equipment.

Z. Failure of All Primary System Pumps

One type of operational abnormality is represented by the sudden
cessation of all primary system pumping power. The objective in this sec-
tion is to indicate the time-dependent temperature distributions obtaining
within the reactor as a result of three assumed modes of losing all pump-
ing power. The following cases are considered:

(1) Loss of all pumping power occurs; reactor scram
..follows immediately.

Reactor scram occurs; loss of all pumping power
occurs soon (seconds) afterward.

Loss of all pumping power occurs; all control rods
remain fixed in their initial positions.

Three pumps are provided in the primary system: two large
"main" pumps, and one small "auxiliary" pump. Each main pump is sup-
plied with electrical power from the building power supply (which may or
may not be interconnected with the-EBR-II generator). The auxiliary pump
is powered by a rectifier operating on building power, but is backed up by
a floating battery power supply. Thus for all primary system pumping power
to be lost, either: (1) simultaneous mechanical failure of all three pumps
must occur; or (2) both building power supply and auxiliary pump battery
supply must be lost simultaneously.

A number of design changes have been made which affect to
some degree the analysis presented in ANL-5719 [Pages 213-218]. The
two main primary pumps are now of the mechanical, centrifugal type as
opposed to the original electromagnetic type; consequently, upon loss of
power to these pumps the primary system coolant flow will decay initially
at a substantially slower rate (because of the momentum of the impeller,
drive shaft, and motor) than originally assumed [Fig. A-23]. The new flow
decay curve is shown in Fig. F-1. Control rod acceleration during scram
has been revised to 1.5 g; accordingly, the rod displacement vs. time curve
[Fig. A-24] is altered to that shown in Fig. 31, and the rate at which reactor
power decays subsequent to the start of rod scram [Figs. A-25 and A-28]
is lowered slightly. Additional revisions made, which have small effect or
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no effect upon this analysis, include: modification of coolant flow distribu-

tion; alteration of initial reactor temperature distribution; modification of

the reactor outlet piping (to the heat exchanger); increase in expected con-

trol rod release time; and reduction of over-all uncertainty factor magni-

tudes applicable to temperature distribution determination.

The net effect of all of the above changes and improvements in

the calculational techniques used in the present analysis is, in most re-

spects, small. Although the shapes of all the original reactor temperature

vs. time curves presented [Figs. A-26, A-27, and A-29 through A-34] are

altered somewhat (in most cases principally by a shift in the time at which
the temperature peaks occur), the temperature maxima exhibited are either

increased acceptably or are decreased. The new curves are shown in
Figs. F-2 through F-9. As in the earlier report, these curves are based
upon the initial reactor temperature distributions actually expected to ob-

tain (without uncertainty factors). If effects of uncertainty factors should

alter the initial temperature distributions, the peak maximum core fuel

temperatures realized during the transients have been pessimistically
estimated to be approximately 100°F higher than those presented. It should
be noted that peak maximum core coolant and uranium-clad interface tem-
peratures are expected to approach closely the peak maximum core fuel

temperatures.

3. Bowing

The analysis presented in ANL-5719 [Pages 218-226] on bowing

of fuel elements and the resultant changes in effective core radius (and

reactivity) remains valid except for one change. This change, reduction
from 100°F to 50°F of the expected maximum temperature differential

(LTM) across the flats of a fifth-row subassembly at full reactor power,
is of substantial benefit. While it in no way alters the estimated maximum
possible core radius or reactivity change due to.bowing, it significantly re-
duces the magnitude of the maximum possible positive power coefficient
of reactivity contemplated, as described in Section IV.I.Z.

The above decrease in expected. magnitude. of ATM has resulted
from: increased coolant flow rate through fifth-row subassemblies; im-
proved expected coolant flow distrihution(internal) in fifth-row subassemblies,
as indicated by water tests condu-cted on a model subassembly; and reduc-.
tion in magnitude of the expected gradient in radial power density distribu-
tion, as determined by further experimentation. and calculation.

Two modifications in design of fuel element subassemblies have
been made which also deserve comment here. These are discussed below.

As noted in the discussion on bowing [Page 218], the fuel ele-
ments of a subassembly-are assumed tightly packed within the containing



231

(hexagonal) tube. This is a clearly valid assumption in the case of a newly

fabricated subassembly, but perhaps should be considered as only a prob-

ably -valid assumption in the case of a subassembly with a long operating
history. The basis for this slight reservation in the latter case sterns from

a peculiarity of geometry inherent in the use of helically-wound wires about
the fuel elements for spacing purposes. It is possible to imagine that, al-
though the top and bottom ends of the fuel element cluster must remain
firmly positioned laterally within the subassembly irrespective of operating

history, the central portion of the cluster theoretically could, if it were by

some process to undergo a major alteration in its geometry, acquire a
capacity for independent lateral movement. Conceivably, with prolonged

operation, the cluster could sustain a gross distortion such that its original
configuration of a right hexagonal cylinder would be transformed into that
of a solid helix of hexagonal cross section and 6-inch pitch (the pitch of
the spacer wires). J.n the most extreme case theoretically possible, such
a tra-Isforrnation would render the effective "distance across flats" of the
cluster 0.049 in. (the thickness of one spacer wire) smaller than that of the

original configuration. The 0.049-inch clearance thus created would be
available for bowing of the central portion of the cluster within the sub-
assembly container. Despite careful consideration of this theoretical

possibility, no reasonably realistic mechanism has been developed which
is capable of producing such an extreme, ordered distortion. There does
seem to exist some possibility that a limited amount of this type of distor-
tion could be effected as a result of the temperature differential between
space-: wire and fuel element jacket incurred during operation; the effect
would be for the wire to increase in length by a lesser amount than the
jacket and, after absorption of the wire slack, to impose forces tending to
warp the jacket helically. Presumably, to whatever extent this might occur
'3n the individual fuel elements, the cluster of elements as a whole would be

effected in similar fashion.

The possibility of a significant amount of "loosening up" of the
central portion of fuel element clusters as discussed above seems remote.
Prolonged testing of a prototype subassembly under sodium temperature
and velocity conditions equal to those expected during operation (but with-
•lut the temperature differential referred to, which cannot be simulated
outside the reactor), produced no distortion whatever (see Appendix B).
iveve to reduce somewhat the maximum clearance between cluster
and tube which theoretically could be generated, line "dimples" of 0.020 in.
height have been added to the inner walls of the tube at elevations approxi-
mately half-way between those of the lines of contact between tube and
spacer wires. By this means, the theoretical maximum clearance attain-
able is reduced from 0.049 in. to about 0.029 in. To preclude the possi-
bility of even the latter amount of distortion being realized, subassemblies
will be withdrawn periodically from the reactor on a progressive incre-
nnental burnup basis and inspected.
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The other design change of interest with respect to bowing ap-

plies to the control rod subassemblies only. A flow-twisting device has

been incorporated in the region between the top of the fuel element cluster

and bottom of the upper shielding section of these subassemblies. As de-

scribed in Section III.A.l.f., the function of this - device is to rotate the flow

path of the coolant emerging from the fuel section about the longitudinal
axis of the subassembly so as to reverse the sign of the temperature dif-

ferential across the subassembly flats. This action, together with the in.-
creased mixing resulting and the higher coolant flow rate now employed,
should substantially reduce the magnitude of bowing realized.

4. Fuel Element Failure

There are two important aspects of fuel element failures which
can be considered: (1) the cause of failure, and (2) the effect of failure,
particularly with respect to the probability of propagation. The failure of

a single fuel element does not pose a serious problem since under the worst

assumed redistribution of the fuel, the reactivity effect on the reactor is

small. Fission products and fuel would be released to the sodium coolant,

but this in itself does not represent a hazard, but rather an operational in-

convenience. If the failure tends to propagate, involving a larger volume

of the reactor, then the consequences can be serious. Both aspects of

this problem are considered in this section.

It is difficult to characterize fuel element failure since it may
involve: (1) coolant flow blockage by foreign material; (2) coolant flow

blockage due to gross swelling or distortion of fuel elements; (3) mild
(or slow) failure of the fuel element tube with a small displacement of the
fuel alloy into the coolant channel; or (4) rupture of the fuel element with
dispersal of the fuel alloy through the subassembly. Of these various pos-
sibilities, only the first is relatively amenable to analysis; the remainder
involve redistribution of the fissionable material and thus a change in the
geometry of the heat source.

The effect of flow blockage of coolant channels was evaluated
by assuming five different cases of flow channel blockage caused by foreign
material. The following conditions applied to each analysis:

(1) The reactor is at steady-state, full-power operation
(62.5 Mw).

(2) The maximum fuel alloy and fuel alloy-clad interface
temperatures, 1197°F and 1060°F, respectively, apply prior to the coolant
channel blockage. These refer to those fuel elements in a subassembly
which normally exhibit the highest temperatures. (It should be noted that
these maximum temperatures are slightly lower than those given in Table X
and Fig. J- I. Renormalization to those values does not significantly alter
the results of these analyses.)
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(3) The foreign particle accumulations are assumed to

have the thermal conductivity of Type 304 stainless steel (the predominant

structural material in the primary system).

(4) Except for Case 4, the foreign particle accumulations

are assumed to extend along the entire axial length of the fuel elements.

Case 1 is illustrated in Fig. F-10. The particle accumulation
in a-single coolant channel triflute increases the maximum fuel alloy tem-
perature from the normal value of 1197°F to about 1213°F. The fuel alloy-
clad interface temperature is increased from the normal .1061°F to about
1165°F. In evaluating these and later results it should be noted that the
fuel alloy-clad eutectic melting point is 1340°F.

Case 2 is illustrated in Fig. F-11, along with resulting fuel
alloy-clad interface temperatures. The thickness of the foreign particle

accumulation is equal to the outside diameter of the spacer wire.

Case 3 is illustrated in Fig. F-12. The maximum fuel alloy
temperature is increased from the normal 1197°F to about 1261°F. The
corresponding maximum fuel alloy-clad interface temperature increases
from the normal 1061°F to about 1173°F.

Case 4 assumes particle accumulation to occur in the regio.n of
the fuel element grid bars, resulting in restriction of flow to the core sec-
tion of the subassembly (see left detail on Fig. 7). Figure F-13 shows the
resulting temperatures as a function of blocked flow area and resulting re-
duction in coolant flow. It may be seen that with 50% of the flow area
blocked, fuel temperatures increase less than 50°F.

Case 5 is illustrated in Fig. F-14. The particle accumulation
is identical to that of Case 1 except that a number of blocked channels are
assumed to occur in the same subassembly, but with no fuel element in con-
tact with more than one blocked channel. Maximum fuel alloy and fuel alloy-
clad interface temperatures are also shown on Fig. F-14. These increase
very slowly as the number of blocked coolant channels increases beyond
the first.

The assumptions made in these five cases are believed very
pessimistic since it is necessary for the foreign material to assume a very
complex geometry and to do so very efficiently. However, it is evident that
extensive accumulations of foreign material can be accommodated within
the EBR-II core without developing unacceptably high temperatures.

A fuel element containing large voids in the sodium bond could
lead to abnormally high fuel alloy temperatures. This problem has been
analyzed to establish EBR-II fuel element fabrication requirements.22 It
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was found that the width of a vertical void column in the annular sodium

bond region must exceed 60° (out of 360°) to shift the maximum fuel alloy

temperature from the interior to the surface of the fuel pin, and that the

maximum fuel alloy temperature does not approach 1340°F (the alloy-clad

eutectic temperature) until the angular width of the void exceeds 70°. This

temperature obtains only so long as the fuel alloy is not in contact with the

clad; the clad is cooled by the flowing coolant. The consequences of this
sequence are difficult to assess since, undoubtedly, the irradiation damage

(swelling) would proceed more rapidly because of the higher alloy tempera-
ture. The fuel alloy temperature would be lowered as the pin makes contact

with the clad and heat transfer is improved. Theoretically, at the points of

contact between the cladding and the fuel alloy, the temperature would be
well below. the eutectic temperature. Although it cannot be concluded that

the eutectic would be formed and the fuel element fail by this mechanism,
it is quite probable that some distortion would occur, perhaps more analo-
gous to the cases of flow blockages assumed above. These might tend to

combine, i.e., reduced local coolant flow and poor heat transfer from the
fuel to the coolant, and in combination cause a fuel element failure. Al-
though the exact mechanism for inducing such a failure is difficult to

postulate, such a failure must be considered possible.

If the fuel alloy from one fuel element is significantly redis-
tributed and if some local boiling of sodium occurs simultaneously, a
detectable change in power level may occur. In general, the change in
power level will be quite small and can lead to either increasing or de-
creasing values, depending upon the manner of fuel alloy redistribution.
A redistribution equivalent to removal of a fuel pin from the reactor would
result in a reactivity loss of <0.02% Ak/k. The equivalent compaction of
a fuel pin near the core midplane would increase the reactivity by
<0.005% Ak/k. With less extreme fuel alloy redistribution, an undetectable
reactivity change could occur; it is almost certain that a small failure
would not be detected by noting a change in power level. Some fission
products would be released to the coolant.

From Case 5 above, it can be seen that several such failures
can occur independently without serious consequences provided: they are
entirely independent; occur at different times; and adjacent coolant passages
are not affected. However, it must also be assumed that failure can occur
in such a manner as to be self-propagating, i.e., displaced fuel from one
fuel element causes blockage of the coolant channel for another fuel element
which, in turn, causes failure of that element. If a large number of fuel
elements become involved and significant fuel displacement occurs and/or
sodium boiling occurs, a change in reactivity should be noted. In addition,
a larger release of fission products and fuel to the coolant will occur.

Three different modes (or degrees) of fuel propagation may
logically be considered: (1) the central 61 fuel elements (of the 91) in the

•
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L subassembly fail; (2) all 91 fuel elements in the subassembly fail; and

(3) all 91 fuel elements fail and the failure propagates to adjacent subassem-

blies. The consequences are as follows.

The peripheral row of 30 fuel elements in the subassembly are

overcooled with respect to the remaining 61; the mass coolant flow asso-

ciated with each peripheral fuel element is 136% of the average coolant

flow per element (see Appendix C). The additional capacity (to reach fuel
or clad melting) represented by the additional .coolant and lower fuel ele-
ment temperature represents a barrier to propagation of fuel failure. This

may halt the failure or at least impose a delay in the propagation.

The subsequent change in reactivity, power level, and rate of
change of power level will, in all cases, depend on where and how failure
is taking place. An increase in power level of approximately 10%
(= 0.025% AO) can result from fuel alloy compaction (to maximum effec-

tiveness) in as few as 5 to 10 failed fuel elements (five near the center of
the core, ten near the core boundary). The simultaneous failure and fuel
alloy compaction of 61 of the elements in a subassembly could result
in a rapidly damped period of 10 to 65 sec if the failure occurred at the
core center or boundary, respectively. The corresponding reactivity losses
will be greater if fuel alloy is carried away from the core by the coolant.
The gross failure of 61 fuel elements will certainly appear as a power level

perturbation. lithis leads to an increased power level, the reactor will
scram; if the power level decreases, an alarm will occur. It is less prob-

able that such a failure will occur rapidly and cause a period scram.

Even if the failure propagation proceeded through the entire
subassembly and all 91 fuel elements failed simultaneously, it is difficult
to imagine a fuel rearrangement within a single subassembly large enough
to cause a serious reactor incident. The total removal or compaction re-
activity worths of all the fuel in a subassembly of maximum worth are
approximately 1% AO and 0.45% AO, respectively. The compaction
may be postulated to occur in 0.15 sec (Appendix G) under very pessi-
mistic circumstances. If the relatively improbable situation of simulta-
neous failure of 91 fuel elements occurred; the resulting reactivity
insertion rate would not exceed $5/sec, with the total available reactivity
insufficient to reach prompt critical. However, if the failure is not induced
by a reactor transient, the time required to compact the fuel alloy will.ex-
ceed the postulated lower limit of 0.15 sec. The large reactivity changes
cited apply to the central core subassembly; similar failures at the core
boundary result in lower reactivity changes. Further, the required degrees
of coincidence in timing and effectiveness of fuel alloy redistribution make
the rnaximum•reactivity insertion rate highly improbable. In fact, it is
more probable that if a fuel failure tends to propagate, it will do so slowly
and fuel will be carried from the reactor; this will lead to gradual reac-
tivity reduction coupled with power anomalies.

235
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More serious consequences could result from a fuel failure

propagating rapidly to adjacent subassemblies. This could involve a large

fraction of the reactor and perhaps induce a transient which cannot be ac-

commodated by the control system. Of course, for such a chain of events

to occur, the failures must occur almost instantaneously, and this appears

quite improbable for the following reasons. In addition to the "propagation

barrier" provided by the peripheral fuel elements and coolant, the hexag-

onal subassembly can also provides a barrier. The can is similarly over-

cooled, and its heat capacity is available to solidify or to retard the

propagation of the fuel alloy. In the event that the can is penetrated, the

adjacent subassembly can, as well as the sodium between the cans, is

similarly overcooled and a further barrier to propagation is presented.

Although fuel propagation into adjacent subassemblies cannot be assumed

impossible, it is unlikely that propagation will occur essentially instanta-

neously. It is quite likely that a failure will be confined within the sub-

assembly, but if it propagates beyond this barrier a time delay will be

involved. A serious (prompt critical) reactor incident requires that this

occur essentially instantaneously (within —0.2 sec).

A series of experiments conducted in TREAT tend to confirm

the confining characteristics of the subassembly can even though these ex-

periments were conducted under conditions of operation quite different

from those anticipated in the EBR-II. Four experiments were performed,

each employing a cluster of seven standard EBR-II fuel elements properly

spaced, and contained inside a hexagonal stainless steel can with a wall

thickness equivalent to the EBR-II subassembly can. The subassemblies,

in turn, were contained in sealed capsules with inert gas atmosphere. They

were exposed to power excursions designed to cause varying degrees of

fuel element failure. These were power transient experiments and, there-

fore, are difficult to compare with the non-transient conditions postulated

for EBR-II.

A semi-qualitative comparison can be made of the rate of tem-

perature rise in the fuel with the assumption that fuel behavior (mode or

violence of failure, superheat of fuel alloy upon ejection, etc.) may be re-

lated to this variable. The 1CREAT experiments produced a maximum rate

of temperature rise of about 8000°F/sec. If complete coolant flow blockage

in an EBR-II subassembly is assumed, and with a power density in the core

section of approximately 1 Mw/liter, the rate of temperature rise of the

fuel would be about 950°F/sec if heat is transferred to the stagnant sodium

(in the core section), and about 2700°F/sec if only the heat capacity of the

fuel elements is considered available to absorb the energy. It can be as-
sumed, therefore, that even under the worst conditions, the rate of tempera-
ture rise would be slower than existed in the TREAT experiments.

Figure F-15 shows the exterior surface of the four hexagonal
test subassemblies after the transients. In all cases, the integrity of the

•
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hexagonal can was maintained. Figure F-16 shows the interior damage

resulting from failure of the fuel elements. Samples 1 and 2 contained fuel

alloy in all seven fuel elements. Samples 3 and 4 contained fuel alloy in

only the central fuel element, with the peripheral elements containing

stainless steel. The results show that fuel element failure can propagate

under extreme power excursions. All of the transients were designed to

achieve fuel element clad temperatures in excess of 1800°F. Sample No.2

achieved fuel element clad temperatures in excess of 2700°F. Although

these results were obtained under conditions quite different from those

that will exist in EBR-II, it is believed that the conditions in TREAT were

actually more severe. The absence of sodium in the TREAT experiments

excludes the heat capacity contribution of the sodium, including that repre-

sented by the heat of vaporization (the molten fuel and clad exceed the
1640°F boiling point of sodium).

•
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Foreign Particle. Accumulation (Case 1)
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on EBR-II Core Temperatures
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Fig. F-12

Foreign Particle Accumulation (Case 3)
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Fig. F-15

Exterior View of Four Test Subassemblies after Extreme
Temperature Excursions in TREAT
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APPENDIX G

MAXIMUM CREDIBLE NUCLEAR ACCIDENTS

The reactor core design is such that so long as its integrity and

shape are maintained, no serious nuclear accidents are believed possible.
Many of the reactor protective circuits are designed specifically to main-
tain the integrity of the reactor core and blanket under a variety of mal-
functions. In most cases, the malfunction must occur coincident with a
gross loss of.administrative control to precipitate some failure which may
lead to a loss of core integrity. Even if the integrity of the core is partially
or wholly destroyed, it is still not clear that this will or will not result in
a super-prompt critical configuration. Moreover, it is quite difficult to
specify realistically the rate at which reactivity is added to achieve super-
prompt critical. An estimate was made [Appendix C] of an upper limit of
reactivity addition rates caused by a gross meltdown and collapse of the
core under gravity. It is believed that this is the potential source of the
largest rates of reactivity addition. It is recognized, however, that a large
number of coincidences are required to give the cited reactivity insertion
rates following a loss of core integrity.

Calculations of reactivity addition, reactivity reduction by core
expansion, and resulting nuclear explosions have been extended beyond

those cited in [Appendix C].33  The. results of recent and more sophisticated
parametric studies34 are utilized here to re-evaluate the EBR-II. These
re-evaluations have resulted in higher explosive yields for given reactivity
insertion rates than previously cited [Appendix C). However, inherent un-

certainties in such predictions are large and it is concluded that for all
practical purposes, the magnitude and, more important, the order of
magnitude of the nuclear explosion is unchanged.

Fuel element meltdown transient heating tests have been conducted

in the Transient Reactor Test Facility (TREAT).35 These experiments have

been conducted to determine the behavior of single fuel elements and, at

best, can only suggest possible failure mechanisms in the EBR-II (which

contains more than 5,500 fuel elements). Also, the majority of the TREAT
experiments involved the failure of single fuel elements in an inert gas
atmosphere (in the absence of sodium coolant). These results are included

and evaluated with respect to EBR-II even though they may not be applicable

to an actual in-pile failure mechanism leading to a loss of core integrity.

1. Predicted Consequences of Core Meltdown

Without implying any credence to the accident, the maximum

possible nuclear explosion was postulated to be the result of a core collapse

under gravity [Section V.E.). The pessimistic hypotheses to describe the

course of the accident were assumed as follows [Pages 109-110]:
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"(1) The sodium has boiled away from the center of the
reactor.

"(2) The uranium from the middle of the core has trickled
down into the lower part of the core and is retained there, producing a
region abnormally dense in enriched uranium at the core bottom, with a
large gap at the core center.

"(3) At the worse possible moment, the upper portion of
the core falls as a single unit, producing a prompt critical configuration
at the highest possible insertion rate."

Recent theoretical methods can be used to represent more

accurately the physical reactor conditions than in the previous analysis
[Appendix C]. The energy density, Q(t), now is accurately determined;

previously, its time dependence was assumed exponential to determine

the reactivity of the system. The present analysis represents a simul-
taneous solution of reactivity and energy density, Q(t). In this analysis,
the integrated energy continues to increase after the reactivity reaches
zero; in the previous analysis, the integrated energy is constant after the

reactivity returns to zero.

The magnitude of a possible nuclear explosion is a sensitive
function of the maximum reactivity (K0) attained. This is closely related

to the reactivity insertion rate before shutdown mechanisms are opera-
tive. For a constant rate of reactivity insertion, the relationship between
these quantities is:

K0 = 8 V27 = 7.4 ,

where

Ko = Maximum reactivity attained above prompt critical.
K = Rate of inserting reactivity.
= Prompt neutron lifetime.

to = Time required to reach Ko with reactivity insertion rate, K.

Jankus34 has shown that the excess energy density in a nuclear

excursion is primarily dependent upon a dimensionless parameter:

X =[ 5 ItrvIf [1 " (6q/5) + (3c12/71132

32 
icl • F

where for the EBR-II:

E
tr
vZ
f 

Ps 4.8 x 10-3 cm
t

-

bz K30

(*), - 1)Crir



256

q = core power shape constant P- 0.5, where OW — 1 - qrz/bz
b = core radius A1.25 cm
F = importance weighted core fissions

= 
(core 95*EfCb dv f reactor ch*Zi dv .1-- 1

Q* = threshold energy density; required to fill voids before expan-
sion is initiated r-% 0.8 x 1010 erg/gm U

7 - 1 = constant relating pressure and energy density r-% 1
2 = prompt neutron lifetime = 8 x 10-8 sec
K0 = maximum reactivity attained above prompt critical

The relationship between the excess energy density (Q - Q*),
the threshold energy density (Q*), the core power shape constant (q), and X
is quite general. This functional relationship may be applied to a specific
fast reactor through the numerical evaluation of X and q. For the EBR-II,

the interesting reactivity insertion rates range from $50/sec to $1000/sec
($1 P-• 0.73% Lk/k); the approximate corresponding values of X range from

10-2 to 1.0.

The total available energy resulting from a prompt nuclear

excursion is obtained by integrating the excess energy density over the
reactor core. In the previous analysis, this was obtained by subtracting
the energy required to fill voids in the entire core from the total created
energy. In the present evaluation, the energy density available to do work
is obtained at each point in the reactor. This quantity, W(r), where:

W(r) = Q(r) - Q* = Q(0) [1 - (qrz/b2)] - Q*

is then integrated, where positive, over the reactor core. The result,
Wmax, is believed to be an overestimate of the available energy, primarily
because negative values of W(r) are rejected. This restriction will tend
to give higher energy yields for the lower reactivity insertion rates pre-
viously cited, while the yields for the higher reactivity insertion rates are
increased proportionately less. The latter increase is obtained because
of the more accurate evaluation of Q(t).

Table G- 1 summarizes the results of the present analysis,
based on the work of Jankus.34 (The results from [Appendix C] and
Reference 33 are included for comparison.) These results may be con-

sidered upper energy limits for a severe accident because:

(1) The method of averaging the available energy tends to

high values.

(2) The adopted value of q .1..10.5 is appropriate to the radial

core power distribution. The axial power distribution requires 0.5 < q 0.7

and an increase in effective q will tend to lower Wm .
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(3) The mass content of the core has been overestimated.
The magnitude of energy released is directly proportional to the mass of

the core.

(4) The total available energy is sensitively dependent on

the threshold energy Q*. The assumed value is appropriate for the core

in the absence of sodium. However, it is difficult realistically to postulate
a gross loss of sodium in the EBR-II. In the presence of sodium, the
threshold energy, Q*, is reduced; therefore, the energy available to do
work is also reduced.

(5) The reactivity insertion rates for specific reactor

conditions [Appendix C] are quite pessimistic. The calculated reactivity

insertion rates were based on one-dimensional slab geometry with a small

radial reflector saving. This is equivalent to a loss of radial reflector

effectiveness prior to the initiation of the core meltdown. Two-dimensional

(r,z) calculations show conclusively that the reactivity insertion rates cited

[Appendix C] may be considered as upper limits.

(6) Finally, the calculated excess energy or maximum

available work is an overestimate in terms of actual ability to do work.
Certainly some of this energy will be used to heat the core above the

threshold temperature.

Table G-1

MAXIMUM REACTIVITY ATTAINED AND MAXIMUM ENERGY DEVELOPED FOR VARIOUS REACTIVITY INSERTION RATES IN THE EBR-I1

Analysis
(Footnotes)

diQdt,
8/sec Ko x 

103 (-49--- )
at Core Center

it • 01

,„
( Q• - 1)

(W ‘1
EnergYgUpper

for UphirxirmUurnMitvihork.

erg x 10'15
CalculatedEeen
erg x 10-1'

Limit,
erg x 10-15

‘-'11---lax)MQ

a 50 1.42 LI 0,47 - 1.3 - -
200 2.88 1.92 1.05 - 2.9 5.6 -
600 5.05 4.24 1.6T - 7.5 13.0 -
1000 6.54 6.83 4,48 - 12.5 20.0 -

b 50 L26 1.56 0.79 - - 4.1 -
200 2.6 3.6 2.22 - - 1L3 -
500 4.16 5.9 3.83 - - 19.0 -
1000 5.96 10.3 6.91 - - 35.0 -

c 43 1.33 L56 0.79 0.79 - - 3.2
195 2.86. 3.32 2.02 2.03 - - 8.1
900 6.15 9.09 6.06 6.06 - - 24.1

d 54 1.48 L56 039 0.81 - - 2.5
245 3.19 3.32 2.02 2.03 - - 6.3
1130 6.88 9.09 6.06 6.03 - - 18.7

'From [Appendix C]; core radius • 23 cm; core mass ;4350 kg; Q• • 0.8 x 1010 erg/gm.
bFrom Ref. 33; core radius • 25 cm; core mass es 500 kg; Q• • 1.0 x 1010 erglgm.
c
Based on Ref. 34; core radius • 25 cm; core mass at 500 kg; Q• • 0.8 x 1010 erg/gm.
dBased on Rel. 34; core radius • 23 cm; core mass sti 390 kg; Q• • 0.8 x 1010 erglgm.
eAverage energy density available to to lark as defined in [Appendix C].
f 
Upper limit on energy density available to do work based on Ref. 34.

°Excess energy is the total energy minus that required to fill voids as defined in [Appendix C].
h
As defined in text and Ref. 34.

a
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An upper limit on the magnitude of a nuclear explosion is
specified by the calculated total excess energy or maximum available work.
These are sensitive functions of the core material thermodynamic proper-
ties which, along with the initial core void content, determine the threshold
energy density (Q*). Further, the exact core size has a significant bearing
on the magnitude of Wmax. The effect of Q* may be qualitatively observed
by comparing Analyses b and c on Table G-1; a more detailed comparison
is given in Reference 33. The effect of core size is demonstrated by
comparing Analyses c and d. Another consideration pertains to numerical
analyses with the AX-I program described in Reference 34. There it is
found that the peak pressures are smaller and total energy yields are
larger than in the results given in Table G-1. The reduced peak pressures
are certainly due to energy transmission toward the blanket. Therefore,
the lower energy yields given by the analyses which provide overestimates
of pressure will be used to estimate the explosive severity of the accident.

The energy yields in Table G- 1 and corresponding peak pres-
sures must be very cautiously translated to equivalent pounds of TNT.
The latter representation is in familiar terms of potential damage. This
will not always accurately represent the destructive damage from a
severe nuclear accident. In a chemical (TNT) explosion, the energy density

is relatively constant at —4 x 1010 erg/gm. In a nuclear explosion, the
energy density depends upon the particular reactivity insertion rate. The
small nuclear accidents yield energy densities similar to those of the
chemical explosion. The large nuclear excursions can have energy densi-

ties much higher than a comparable chemical explosion. Similar considera-

tions pertain to a comparison of peak pressures while the energy is created.

Finally, the nuclear energy release will probably require less than 100 µ sec,
while the equivalent chemical energy release requires more than 100 µ sec.

The above considerations make the transformation of the nuclear

energy release to chemical equivalent quite uncertain in terms of potential

damage. However, the nuclear analyses were extremely pessimistic, particu-

larly with respect to reactivity insertion rates. Therefore, the equivalence of

nuclear and chemical energy release will give overestimates on potential
damage. The estimated energy yield from the $200/sec, $600/sec, and
$1000/sec accidents described previously [Appendix C] are now increased

from 280, 660, and 1,050 lb TNT, respectively, to the equivalent of not more
than 370, 850, and 1,240 lb TNT, respectively.

The occurrence of accidents of these magnitudes in the EBR-II

is extremely remote. Moreover, the number of required coincidences of

timing and disposition of fuel alloy before and during an accident renders
the two larger accidents least probable.

4
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2. In-Pile Tests on Single EBR-II Fuel Elements

The TREAT experiments are investigations of fast reactor fuel

element behavior under transient power excursions. Fuel element failure

and the distribution of resulting meltdown products are studied to determine

the important parameters for describing or predicting, where possible, the
course of a fast reactor meltdown.

The failure of single, EBR-II-type fuel elements in an inert gas

atmosphere has been investigated. Similar experiments with EBR-II fuel

elements suspended in stagnant sodium have been initiated and tests in
flowing sodium are in preparation.

Some hypothetical accidents can be postulated on the basis of
these experimental results. However, such postulates must be qualified
because the data may not be at all applicable to fuel element failure in the
EBR-II. Also, the TREAT data differed from results of out-of-pile melt-
down experiments using electrical heating. The latter 'investigations were
conducted during the EBR-II fuel element development program. Very
significantly, both in-pile and out-of-pile experiments showed that. unirra-
diated EBR-II fuel elements can be heated without failure to temperatures

appreciably in excess of 725°C (the uranium-stainless steel eutectic tem-
perature) for short periods of time.

TREAT experiments with single EBR-II fuel elements suggest

that fuel alloy rearrangements with a gain in reactivity may occur during

very large temperature excursions. Pertinent experimental data from

TREAT can be separated into roughly three broad categories. These are

categorized by the maximum clad temperature registered during an
excursion while the fuel element was suspended in an inert gas atmosphere.

The temperature ranges are: ,

950°C to 970°C: Incipient failure
970°C to 1015°C: Mild failure
Above 1015°C: Energetic failure.

A gross malfunction must, of course, take place before such clad tempera-

tures are attained in the EBR-II. (Maximum nominal fuel clad temperatures

under normal conditions are between 480°C and 598°C. Sodium boiling is

initiated at 892°C.)

The "energetic failures" result in the violent ejection of molten

fuel from the stainless steel clad at or near the point of initial failure. The

ejection is caused by very high pressure due. to vaporized bond sodium.
t' kair With a nearly constant axial power distribution along the sample, failure is

theoretically equally probable everywhere along the length of the fuel ele-
ment; experiments tend to confirm this effect. Experiments were also
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performed with a shaped axial power distribution resembling that in the
EBR-II. As anticipated, failures occurred near the synthesized core mid-
plane in the region of highest localized temperature. However, initial

experiments in stagnant sodium with an axially shaped power distribution
did not indicate any marked tendency for highly localized failure.

If an accident in the EBR-II leads to maximum fuel element

temperatures at or near the horizontal midplane of the core, and if the
"energetic" type of failure does occur only near the hottest point, it may

be possible that fuel alloy will be propelled from the axial extremities of

the fuel elements toward the center plane, leading to an increase in
reactivity.

Extrapolating this hypothesis directly to EBR-II raises several

questions. Does the hot spot always appear near the core center during

overheating conditions? Does the position of maximum axial temperature

at the time of failure vary considerably as a function of core radius? These

two unanswered questions depend verymuch on the course of the accident.

Further, what happens if one or both ends of the fuel pin are not fully

melted by the time failure occurs at the hot spot? And, what is the effect

of pre-irradiation? Does swelling lead to a different mode of cladding

failure? It is not clear that release of fission gases will serve to propel

the fuel alloy from its container in the same way sodium vapor does. Out-of-

pile experiments indicate a frothing action in the escape of uranium from

pre-irradiated EFFBR pins.

The reactivity effects of concentrating fuel at the central core

plane have been estimated with 2-group diffusion theory in r,z geometry.

It was assumed that fuel originally contained in a single subassembly re-
mained within that subassembly and that fuel was dispersed throughout a

central region about 11 cm thick, displacing all sodium and some stainless

steel. Table G-2 summarizes these analyses. Included is. a calculation

which demonstrates the small effect, relative to the total, due to the un-
certain coolant disposition during such fuel alloy rearrangement.

The implication of these calculations on reactor safety depends

primarily upon the rate of fuel alloy compaction during such an event.

These rates can only be inferred from correlating in-pile, high-speed

photographs of TREAT sample meltdowns•with cladding temperatures. The

start of failure can be seen on the photographs. The conclusion of the failure

is indicated by large fluctuations in the cladding temperature. The observed

duration of this event is usually about 150 ms. Therefore, if 5,500 fuel

elements were to fail simultaneously, the resulting reactivity insertion rate

would not exceed $140/sec. The duration of failure, including effective fuel.

compaction must be significantly shorter to achieve the reactivity insertion

rates assumed for the gravity-induced accident. It should also be empha-

sized that not only must the event occur in a shorter time, but that some

5,500 independent events must occur simultaneously and in this shorter time.
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Table G-2

TOTAL POSSIBLE REACTIVITY ADDITION BY COMPACTING
EBR-II FUEL ALLOY NEAR CORE MIDPLANE

Type of Fuel
Alloy Compaction

Reactivity Effect (ak/k)

Total
Per Core

Subassembly
Per Control
Subassembly

Per Fuel
Element

Seven Central Core
Subas semblies 0.03 0.0043 0.000044

Twelve Core and •
Twelve Control
Subassemblies
(in Row 5) 0.026 0.0013 0.00086 0.000014

Complete 61
Subassembly Core 0.144 0.000028

Complete 61
Subassembly Core
and 50% Core
Sodium Removed 0.114 0.000022

Considering the variation in power density distributions, rates of cooling,
etc., it does not appear possible that such precise timing could be achieved.
The assumption of non-simultaneous, whole-core failure may be supported
by evaluating the consequences of the EBR-I Mark-II meltdown.36,37
Without suggesting the mechanism of reactor shutdown, the post-mortem

analysis shows conclusively that fuel element failure was not simultaneous
throughout the whole core, and probably not even simultaneous in the region
of the core that did fail.

It is, therefore, concluded that reactivity insertion rates
postulated for the gravity-induced meltdown accidents are maximum and
can be used to describe the maximum credible accident.
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APPENDIX H

CONTAINMENT OF A POSSIBLE ACCIDENT

The containment design of EBR-II has been modified in only minor

respects from that originally described [Appendix E]. These modifications
are discussed below.

The bottom beam arrangement of the primary tank support struc-
ture [Fig. 32], has been improved as described in Section III.A.8. and shown

in Fig. 23.

Design of the blast shield surrounding the primary tank [Page 325]
has been finalized as described in Section III.A.8. and shown in Fig. 24.

The concrete missile shield lining the containment vessel has been

reduced in thickness (above the operating floor) from 14 in. to 12 in. The

horizontal concrete missile shield (ceiling) above the building crane

[Fig. 5] has been replaced by a 6 in. thick shield of reinforced concrete

applied to the inner surface of the building dome (Fig. 5). These new

thicknesses are more than adequate to protect the vessel from the high

gas temperatures which conceivably could be produced in the event of
a significant sodium-air reaction, as well as to protect the vessel from
possible missiles.

The nitrogen bleed-in system described on [Page 331] has been
eliminated. The intended function of this system was to prevent excessive
reduction in building pressure due to consumption of oxygen in the event
of a major sodium-air reaction. Final calculations indicated that a reac-
tion resulting in 24-psi initial overpressure (the design pressure of the
containment vessel) would not consume more than 20% of the oxygen present
and would not effect a final (after cooling) pressure, lower than -1.4 psig,
including the effect of possible changes in barometric pressure and tem-
perature. Even if 100% of the oxygen were consumed, the final pressure
would not be lower than -3.4 psig. Analysis shows that the containment
vessel can withstand such pressure differentials without buckling (with no
credit taken for the strength of the reinforced concrete missile shield
liner which, by itself, 'should be•able to withstand a differential of more
than 20 psi), and that a bleed-in system, therefore, is not needed.

All other revisions relate to the penetrations provided in the con-
tainment vessel. The penetrations are listed in Tables H-1 and H-2 and
are discussed below.
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Table H-1

MECHANICAL PENETRATIONS IN CONTAINMENT VESSEL

LARGE PENETRATIONS

Type Arrangement Number

Personnel Air Lock
Emergency Air Lock
Equipment Air Lock
Freight "Door"

Two doors, interlocked, each with double seal
Two doors, interlocked, each with double seal
Two doors, interlocked, each with double seal
Two doors, not interlocked, one with double seal

SMALL PENETRATIONS

No. Function
Number
of Pipes

Number of
Isolation
Valves

1 (Spare) 0 0
2 (Spare) 0 0
4 (Spare) 0 0
3 Argon gas supply 1 1
5 RP ventilating air inlet 1 2
6 Building purge air exhaust 1 1
9 RP ventilating air exhaust 1 1
11 Primary system Na fill line 1 0
12 Secondary system vent line 1 0
131. Freon liquid inlet 2 2

Freon gas outlet 1 1
13K Silicone inlet 1 1

Silicone outlet 1 1
15L Freon liquid inlet 1 1

Freon gas outlet 1 1
Building DP sensing 1 0

15H Freon liquid inlet 1 1
Instrument air inlet 1 1
Plant service air inlet 1 1

16 Shutdown cooler NaK inlet 1 0
17 Shutdown cooler NaK outlet 1 0
18 Shutdown cooler NaK inlet 1 0
19 Shutdown cooler NaK outlet 1 0
20 Freon liquid inlet 1 1

Freon gas outlet 1 1
21 Freon liquid inlet 1 1

Freon gas outlet I 1
22 Secondary system Na outlet 1 0

Secondary system Na inlet 1—.V...
Total: 181+3 Spares) ZT

_O._
19

Note: Penetrations Nos 7, 8, 10, and 14, do not exist.
RP • Reactor Plant; DP • Oifferential Pressure

A large number of penetrations through the shell are required for
personnel, equipment, freight, electrical conductor, service fluid, and•
other access. All employ gastight seals, either of the metal-to-metal
type or of an organic type, suitably protected from the high temperatures

of building gas which could result from an assumed sodium-air reaction.
All openings are designed not to detract from the strength of the building

shell and to sustain a building pressure equal to the maximum containable
by the shell itself.

The personnel air lock incorporates two vertical door openings,

each 3 ft wide by 6 ft high. Both doors swing inward toward the Reactor

Plant. Each door forms a gastight closure. Door operation is such as to
permit personnel access to and from the Reactor Building with maintenance

of shell gastightness at all times; positive interlocks are provided to per-
mit only one door to be open at a time. Double seals - one compression,
and one inflatable - are employed on each door.
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Table 1+-2

ELECTRICAL PENETRATIONS IN CONTAINMENT VESSEL

No. Type of
Pressure Connector

Number of
Pressure
Connectors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

20
22

21
28
29

23
24 (Spare)
25 (Spare)
26 (Spare)
27 (Spare)

30
33

31
32
36
37

34
35

Total• 3Q(+4 Spares)

Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF

Special MI Seal
Special MI Seal

Cannon TBF
Cannon TBF
Cannon TBF

Special MI Seal
(none)
(none)
(none)
(none)

Cannon TBF
Cannon TBF

Cannon TBF
Cannon TBF
Cannon TBF
Cannon TBF

Amphenol 100X-(CO-A)0
Amphenol 100X-(CO-AX)

7

7
7
7
7
7
7
7
7
7
7
7
7
7
7

6
6

6
0
0
0
0

12
12

5
5
5
5

24
24
225

Note: Penetrations Nos. 17, 18, and 19, do not exist.

A small "emergency" personnel air lock is also incorporated with the same

safety features as the large personnel air lock. An equipment air lock is

provided principally for transporting subassemblies between the Reactor

Plant and the Fuel Cycle Facility. The size and shape of this air lock
were determined primarily by the dimensions of the shielded coffin..
Two horizontal circular doors (5 ft-8 in. dia.) are used. The same fea-

tures (door seals, gastightness, operation, and interlocking) as apply to

the personnel air locks are incorporated.

A large opening is provided for freight access. This penetration is

fitted with double doors that are not interlocked but are required (admini-

stratively) to be bolted closed during reactor operation or during fuel-

handling operation. The inner door. employs double seals, both of the
compression type. The outer door utilizes a single, compression-type
seal.
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Provisions are made to enable periodic leak rate testing of each of

the above doors without requiring pressurization of the building. These and

all other penetrations through the building shell are protected from possible

missiles either by reinforced concrete or heavy steel plate.

All electrical conductors (Table H-2) are brought through leak-tight

pressure connectors (pressure rating: 30 psi or higher). Most connectors

are A-N-type multiconductor pressure connectors (such as Cannon TBF)

which provide solid, leak-tight, through-conductors with terminals at each
end. The penetration arrangement and connector details are shown in
Figs. H-1 and H-2. A small number of conductors are required to carry
large currents, and for each of these the connector consists of a short
length of MI cable brazed to a nozzle plate, with the cable insulation
sealed at both ends with epoxy resin. This arrangement is shown in
Fig. H-3. The electrical penetrations are designed to permit pressure
and leak testing without requiring pressurization of the building.

There are 25 service and process fluid pipes of various sizes that
penetrate the shell. All but two (the 12-inch secondary system pipes) are
seal welded either directly to the shell, or to a blind flange bolted to a
thermal sleeve which is welded to the shell. The secondary system pipes
are connected to the shell by special flexible seals to accommodate their
expected thermal expansion. Eighteen of the 25 pipes are equipped with
one or more isolation valves. These valves are normally open, but close
automatically in event of a major nuclear incident. The other seven pipes
require no isolation valve because the exterior portions of the piping sys-
tems involved are capable of withstanding conditions more severe than
those anticipated subsequent to a nuclear incident. These include:
four NaK pipes for the two shutdown coolers; the two secondary system
sodium pipes; and one secondary system vent line.

Two additional pipes provide for sensing building air pressure and
for sodium filling of the primary tank; the latter pipe is capped off and
welded after filling.

A typical penetration for small pipes is shown in Fig. H-4, for the
large air pipes in Fig. H-5, and for the secondary system sodium pipes in
Fig. H-6.

A total of 19 isolation valves are employed (including two on the
double-branched ventilating air inlet duct). The "building isolation sys-
tem" includes the isolation valves, nuclear incident detection devices,
and system circuitry which controls the position of the valves. All valves
are air-to-open, spring-to-close, with electrical (solenoid) pilot valve
control. They close automatically upon loss of either air pressure or
electrical power. The detectors consist of:

•
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(1) Two radiation detectors to sense radioactivity level
inside the building.

(2) One pressure detector to sense building air pressure

relative to atmospheric pressure.

(3) Four thermocouples to sense coolant temperature in-

side the reactor (in upper plenum), at outlets from core subassemblies.

(4) One thermocouple to sense building air temperature.

(5) Two resistance thermometers (long time constant)

to sense building air• temperature.

The four thermocouples sensing coolant temperature inside the

reactor are connected in a two-out-of-four arrangement for trip. The trip

is effective only during reactor operation or standby, since fuel-handling

operations require the reactor cover (carrying the thermocouples) to be

raised to the top of the primary tank.

In the remote event of a significant nuclear incident or primary

system sodium fire, trip initiated by one or more of the above detectors

will interrupt electrical power to the isolation valves and all valves will

immediately close.

As described in (Appendix El, two echelons of containment are in-

corporated. The first, termed the "primary containment system," sur-

rounds the primary tank in which the reactor is submerged. Its function

is to contain the effects of the nuclear energy release without breaching.
The second, termed the "building containment system," surrounds the
primary containment system and the remainder of the Reactor Plant.
The function of this system is to localize within the reactor building the

effects of a possible sodium-air reaction energy release.

The analytical evaluation of the building containment system
(Pages 331-333] is essentially unchanged. Analysis of the primary con-
tainment system has been carried out in greater detail and is reported in

Reference 38. Pertinent results are presented below.

An analytical study was made by Armour Research Foundation of

the shock wave action, pressure generation, energy dissipation, and cer-

tain other phenomena which could be expected to result from a sudden

release of nuclear energy within the reactor core equivalent in magnitude

to the detonation of 300 lb of TNT. The rate of energy release 'assumed

was that which calculations indicated to be the worst possible from the

viewpoint of containment by this particular systein (time of energy release

equal to about 0.002 sec); a rate either lower or higher than this would be
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expected to produce less violent conditions. Major results of the study are:

(1) The presence of the very large volume of sodium which

immediately surrounds the reactor is of considerable advantage. Because

of the rapid absorption of shock wave energy within this bulk sodium by the

waste heat process, the fraction of total energy released available for

loading or destruction of the containment system is greatly minimized.

About 10% of the total energy is unabsorbed upon arrival of the shock wave

at the primary tank sodium boundaries; quantitatively, this amount is

equivalent to an average of 5 cal/cm2 of surface area.

(2) The presence of the free surface of the primary tank

bulk sodium is also of great advantage. Because of the acoustic impedance

mismatch presented at this free surface, the maximum pressure exerted

on the bottom of the vessel top closure or primary tank cover (or rotating
plugs) is reduced by more than two orders of magnitude.

(3) The peak argon gas pressure exerted on the bottom

of the vessel top closure (or the rotating plugs) is not more than about

1.4 atm. abs., or 6 psig, and this pressure is effective for about 0.002 sec.

(4) The peak pressure exerted on the bottom of the top

closure (or the rotating plugs) by impingement of sodium is not more than
about 3.53 atm. abs., or 37 psig, and this pressure is effective for less
than 0.002 sec.

(5) The total thrust and energy imparted to the rotating

plugs by the argon gas pressure and sodium impingement pressure (3 and
4 above), and the reactions of attached mechanisms which extend downward

into the bulk sodium, are sufficiently small as to permit use of uncompli-

cated plug-to-structure locking arrangements for prevention of plug ejec-
tion. (All plugs other than the rotating plugs are bolted to their respective
nozzles. The holddown arrangement for the two rotating plugs is shown in
Fig. H-7.)

(6) The total energy transferred to the top closure by
mechanisms or components fastened to the closure and extending through
the primary tank argon gas blanket into the bulk sodium is insufficient to
appreciably strain the top structure.

(7) Small void spaces provided around the 12-inch sodium

pipes of the heat exchanger are adequate to assure pressure relief entirely
within the primary tank or the heat exchanger plug, without rupture of the
pipes external to the pressure vessel.
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(8) The peak sodium pressure exhibited at the primary

tank walls is approximately 700 bars. Because of the action of the sur-

rounding gas space and the blast shield, however, the magnitudes of both

the peak pressure and the energy transmitted to the pressure vessel wall,

or the biological shield, are reduced to negligible values.

(9) Components wholly submerged in the primary tank

bulk sodium such as the reactor vessel cover, blanket subassemblies, and

miscellaneous steel fragments are not potential missiles. The velocities

acquired by these components are a function of component shape and other
factors, but are in all cases negligibly low. For example, the 14-ton reac-
tor vessel cover, which is located initially close to the center of explosion,

could attain a maximum possible velocity of about 35 fps and a final veloc-

ity of about 6 fps upon striking the primary tank cover (or rotating plugs),

after being decelerated by vertical transit through 9.5 ft of sodium. As

hypothetical examples, solid steel spheres of size ranging from one to
five inches in diameter and initially located within a few feet of the explo-

sion center could.acquire maximum possible velocities of about 80 fps and

striking velocities (velocities at emergence from the bulk sodium) of
considerably less magnitude. Such striking velocities are negligible in
view of the obvious stopping power of the primary containment system
structure wall, and top and bottom closures.

(10) Because all sodium and argon pipes make a right
angle turn to a horizontal run inside the top closure, it seems-evident
that no pipe which conceivably might be torn loose from its plug could be
ejected through the top of the closure as an effective missile.

(11) It is highly improbable that any of the control rod,
safety rod, or fuel handling mechanisms (drive shafts) could be ejected
through the top closure as a missile. They are of very long, slender con-
figuration and would require essentially perfect axial alignment of thrust
to preclude bending. As shown in [Fig. 7], they pass through several feet
of top closure and primary tank cover with only small clearances; a rela-
tively small amount of bending would probably produce binding during any
attempted ejection. The control rod and fuel-loading mechanism drive
shafts also pass through more than 2.5 ft of reactor tank cover, so that
significant tipping of this cover also would tend to bind these particular
mechanisms.

(12) Ejection of a control or fuel-handling mechanism
through the top closure is considered to be the most pessimistic assump-
tion which may be.made with respect to determination of appropriate mis-
sile protection. The maximum possible velocity of such a missile is not
more than 70 fps. Such velocity is probably insufficient to enable the mis-
sile to travel far enough even to make contact with the reactor building
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s

enclosure, and therefore indicates that only minimal, if any, missile

shielding need be provided. The minimum shield thickness provided (6 in.)

is more than adequate.

The above results, while differing in detail from those

reported earlier [Pages 326-327], serve to confirm the original conclusions

as to the adequacy of the primary containment system for an assumed energy

release of 300 lb TNT equivalent [Page 328] or greater [Page 329).

Two series of pressure tests and leakage tests have been conducted

on the EBR-II building containment system. The first series was run upon

completion of construction of the shell proper, with the air locks and

freight door installed, but with no other penetrations. At that time, the
shell was bare - without paint, bitumastic, insulation, etc., - and was

supported by temporary steel columns, so that the entire shell surface

was accessible for inspection, A preliminary leak test was effected with

10-psig internal air pressure by soap-suds testing the full length of every
weld on the shell, all airdocks, and the freight door. A pressure (strength)
test then was conducted at 30-psig internal pressure. Finally, a leak rate
test was performed at 24 psig over a period of more than 72 hr. The re-
sults showed a total leak rate from the system of less than 560 ft3/day
(32°F, 36.2 psia), well under the 1000 ft3/day considered acceptable
[Page 331].

The second series of tests was run upon completion of construction
of the Reactor Plant except for installation of certain mechanisms and
equipment inside the building. All penetrations had been incorporated, the
shell had been set on its permanent foundation, and all painting, insulating,
backfilling etc., had been completed. These tests were conducted, in es-
sence, on the "integral" containment system. Three of the total number of
penetrations were temporarily sealed off: the two penetrations for the
secondary system pipes, because their flexible seals were not yet avail-
able; and one electrical penetration, because a connector was known to
leak and required replacement. (The two secondary piping penetrations
will be leak tested after installation of the flexible seals has been com-
pleted. The faulty electrical connector has been replaced and the penetra-
tion successfully tested.) A pressure test was first conducted at 30 psig.
Then a final leak rate test was performed at 24 psig over a period of more
than 72 hr. The results of this test, more accurate than those of the earlier
test, showed a total leak rate from the system of less than 100 ftYday
(32°F, 36.2 psia). This is equivalent to less than 0.03% of the building air
volume, at the same conditions, per day.
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APPENDIX I

EXPERIMENTAL EQUIPMENT

1. Reactivity Generator

The reactivity generator (Fig. I-1) is a specially designed device

to sinusoidally perturb the critical reactor system. Such reactivity perturba-

tion, when correlated with the resulting sinusoidal flux perturbation, can be

used to extract the reactor transfer function under a variety of reactor condi-

tions. The complete reactivity generator assembly consists of three separate

units: (1) the oscillator rod; (2) the mechanical actuator; and (3) the drive

mechanism.

The oscillator rod has been designed to replace one of the re-

actor control rods. The reference oscillator rod contains —100 gm Be C,

which can be moved vertically in a control rod thimble.

The mechanical actuator provides the link between the oscillator

rod and the drive mechanism. It consists of a suitably supported, long ex-

tension rod and a "Scotch Yoke" which translates rotary motion into vertical

oscillatory motion.

The drive mechanism is comprised of an electrical gear motor

and position-indicating equipment required for correlating reactivity pertur-

bation with the resulting flux perturbation.

The design of the reactivity generator permits a maximum

stroke of 8 in. for frequencies less than 1 cps, or a shorter stroke of 4 in.

for all frequencies up to 2 cps.

2. Fuel Element Failure Detector

The detection of fuel element failure (or incipient failure) in a

sodium-cooled reactor is desirable but difficult. Inthe EBR-II, the remote-

controlled handling of fuel and blanket subassemblies precludes direct tem-

perature measurements which might indicate most types of incipient failure.

There are a total of 26 coolant outlet thermocouple locations which may give

qualitative warning of incipient and/or accomplished failure at various re-

actor locations if such failure is caused by, or results in, unusual sodium

coolant exit temperature from the subassembly. However, these thermo-

couples are intended for measurement of coolant outlet temperature distribu-

tion and are not expected to provide reliable fuel element failure detection.

There are a number of methods which can, in prinCiple, be used

to detect fueL element failure by detecting fission products released from the
fuel elements. These include:
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(1) Detection of delayed neutrons from fission products

released to the primary sodium coolant.

(2) Detection of fission products released to the primary

sodium coolant by sampling and analysis.

(3) Detection of fission product Xe and Kr in the argon

blanket gas.

The first of these methods is independent of fuel alloy burnup while the other

two would be most sensitive with high burnup fuel.

In principle, the detection of delayed neutrons is a method where-
by indication is as rapid as coolant circuits permit. In fact, because of the

short half-life of the fission products emitting delayed neutrons, this system
must have a rapid response, On the other hand, it may be a relatively in-

sensitive system because of: (1) a possible low rate of release of fuel and

fission products to the sodium coolant for a given extent of fuel element

damage; (2) dilution of the fission products in .the sodium coolant; (3) the

high gamma background from the coolant in which the low-level neutron flux
must be measured, and (4) the possible delayed neutron background due to

uranium contamination in the sodium above which a change must be measured

to indicate a fuel element failure.

A device of this type has not been tested in an operating reactor
system; however, provisions have been made in the EBR-II for the investiga-
tion, evaluation, and development of a fuel element failure detector. An ex-

perimental loop has been provided which will circulate primary sodium from

the heat exchanger outlet to a point external to the primary.tank where ex-
perimental facilities can be accommodated. At full power and full flow, the
transit time for sodium from the center of the reactor to the heat exchanger
outlet is approximately 11 sec. At maximum flow in the experimental loop,
the transit time for sodium from the heat exchanger to the experimental
section is approximately 6.5 sec. The loop includes a d-c electromagnetic
pump of 100 gpm capacity, and the flow rate can be varied from 10 to 100 gpm

(a transit time of 6.5 to 65 sec). The arrangement of the reactor, primary
system, and experimental loop are shown schematically in Fig. 1-2. Develop-
ment work is in progress on experimental delayed neutron detector systems
for investigation in conjunction with this experimental facility.

The routine sampling procedures to be employed for sodium
analysis will provide samples for spectrochemical analysis of metallic
impurities and radio-chemical analysis of neutron activation products and
fission products. This method suffers from the time lag between possible
failure and detection since the samples will be removed from the primary
coolant system periodically and the analyses cannot be performed until Na"
activity has decayed. In addition, samples will be removed more frequently
for gross gamma activity and spectrometric gamma analysis after allowing
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for decay of Na24 activity. These data will indicate any change in fission

product concentration, and will be useful for the determination of gradual

change in general fission product contamination of the primary sodium

system. (It may be possible to correlate these data with neutron background

data from the delayed neutron detector.)

Taps have been provided to facilitate experimental methods of

continuous or intermittent monitoring of the argon blanket gas system for

fission product gases (Xe and Kr). It will be possible to install a gas

chromatograph as the first experimental method of detection. This method

of detection also suffers from rate of response, and possibly sensitivity,

since the gases are released to the sodium, must escape to the gas blanket

where they are diluted, and then be transported to the detector. There is

some evidence to indicate that the solubility of these gases in sodium is low,

and adequate sensitivity may be achieved. It appears that this system may

be more reliable (but significantly slower) than the delayed neutron detector,

but with much more rapid response than the sampling procedure.

The EBR-II reactor system will be instrumented experimen-

tally to detect failure of fuel and/or blanket elements to the extent that these

experimental systems are effective. A continuing development program will

utilize the EBR-II as an experimental facility to evaluate systems as they

are developed. It is believed that the sampling techniques will be most re-

liable for initial periods of operation, with the promise of more effective

systems from the development program.
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APPENDIX J

OPERATION WITH 61- TO 73-SUBASSEMBLY CORE

Normal steady-state operation at full power and at "three-

fourths" power is described in Section IV.B. and C. for the reactor with a

nominal core loading. The nominal core is comprised of 67 subassemblies,
including 2 safety and 12 control subassemblies. This is considered the
most probable number of subassemblies to be required for initial critical-

ity. The actual number, however, may vary from 61 to 73. It is of impor-

tance, therefore, to examine the changes in reactor conditions resulting
from operation with core configurations throughout this entire size range.

The "hottest channel" temperatures are of greatest interest.

As the core is made larger by adding subassemblies (beginning with 61),

power densities at core and upper blanket hottest channels continuously
decrease; similarly, the peak temperatures within the core and upper
blanket continuously decrease (reduction in flow rate per subassembly be-
ing more than compensated for by reduction in power density). The effects

within the inner and outer blankets, however, do not follow this pattern. In

these zones, as each core-type subassembly is added (in the 6th row), sub-

assemblies adjacent to or very near the added subassembly experience an

abrupt increase in power density. At the same time, other subassemblies
of the same zones may undergo either no change or a decrease in power
density. The result is that neither zone exhibits a smooth progression of

increasing or decreasing peak.temperatures with increasing core size.

Figures J-1 and J-2 present the reactor temperatures of chief
interest calculated for core sizes of 61, 62, 67, 68, and 73 subassemblies.
(Interpolation is permissible for core sizes of 63-66 and 69-72 subassem-
blies.) Shown are maximum temperatures of uranium, uranium-clad inter-
face, and coolant occurring with rows 1 and 4 (core), rows 6 and 7 (inner
blanket), and row 8 (outer blanket), for each core size, both with and with-
out uncertainty factors. For the 67-subassembly core only, the same tem-
peratures are shown for all rows 1 through 10. Figure J-1 pertains to the
full power (62.5 Mw) case, and Fig. J-2 to the "three-fourths" power
(45.0 Mw) case.
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• APPENDIX K

SYSTEM ABNORMALITIES CAUSING ALARM

Table K-1 is a comprehensive list of the system abnormalities

that will cause alarm only ("alarm" meaning both indication and annuncia-

tion). All such abnormalities, including those unassociated with reactor

plant operation or with little or no relevance to safety, are incorporated for

completeness. The abnormalities which cause scram during reactor opera-

tion or fuel handling are listed in Table III of Section IV.A.1. This listing

(Table K-I) is far more detailed than that given in the original report

[Table VII] and for this reason, no attempt is made here to correlate the

two.

Table K-I

SYSTEM ABNORMALITIES CAUSING ALARM

Primary System 

Reactor Inlet Coolant (high pressure) No. 1 Flow High

2. Reactor Inlet Coolant (high pressure) No. 1 Pressure High

3. Reactor Inlet Coolant (high pressure) No. 2 Flow High

4. Reactor Inlet Coolant (high pressure) No. 2 Pressure High

5. Reactor Inlet (high pressure) Plenum Pressure High

6. Reactor Outlet Coblant Flow High

7. Reactor Coolant Differential Temperature (Inlet "high pressure"

Plenum vs. Outlet Plenum) High

8. Primary Pump No. I: Motor Blower Air Flow Low

9. Primary Pump No. I: MG Clutch Temperature High

10. Primary Pump No. 1: MG Brake Temperature High

11. Primary Pump No. 1: Any One of Ten "General" Temperatures

(on Pump and MG Set) High

12. Primary Pump No. 2: Motor Blower Air Flow Low

13. Primary Pump No. 2: MG Clutch Temperature High

14. Primary Pump No. 2: MG Brake Temperature High

• 15. Primary Pump. No. 2: Any One of Ten "General" Temperatures

(on Pump and MG Set) High

16. Primary Heat Exchanger: Differential Temperature (Heat
Exchanger Outlet vs. Bulk Sodium) High
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Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Primary System (Cont'd.)

17. Bulk Sodium Temperature Low

18. Primary Tank Argon Blanket Gas Pressure Low

19. Argon-Silicone Heat Exchanger: Argon Outlet Temperature High

20. Argon Retention Tank Pressure High

21. Argon Floating Head Tank Pressure High

22. Argon Floating Head Tank Pressure Low

23. Argon Floating Head Tank Float Level High

24. Argon Floating Head Tank Float Level Low

25. Argon Receiver Tank Pressure High

26. Argon Blower Power "OFF"

27. Sodium Purification System: Surge Tank Level High

28. Sodium Purification System: Surge Tank Level Low

Z9. Sodium Purification System: Crystallizer Tank Heater Power "OFF"

30. Sodium Purification System: Sodium out of Crystallizer Tank

Temperature High

31. Sodium Purification System: d-c, EM Pump Power "OFF"

32. Sodium Purification System: a-c, EM Pump Power "OFF"

33. Sodium Purification System: Piping Meltdown Heaters Power "OFF"

34. Sodium Purification System: Piping Clam Shell Heaters Power

"OFF"

35. Primary Sodium to Sodium Purification System Flow Low

36. Primary Sodium from Sodium Purification System Flow Low

37. Sodium Purification Cell Exhaust Fan: Exhaust Air Pressure Low

38. Sodium Leak in Sodium Purification Cell

39. Silicone-Water Heat Exchanger: Silicone Outlet Temperature High

40. Silicone Pump No. 1 Power "OFF"

41. Silicone Pump No. 2 Power "OFF"

42. NaK to Shutdown Cooler No. 1 Flow‘.Low
.4
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Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Primary System (Cont id.)

43. NaK to Shutdown Cooler No. 2 Flow Low

44. Shutdown Cooler Surge Tank.No. 1 Level High

45. Shutdown Cooler Surge Tank No. 2 Level High

46. Rotating Plug Upper Seal Temperature High

47. Rotating Plug Lower Seal Temperature Low

48. Rotating Plug Seal Heater Power "OFF"

49. Sodium Leak into Primary Tank Annulus

50. Reactor Plant Pressure Low

51. Reactor Plant Operating Floor Smoke

52. Reactor Plant Basement Smoke

53. Reactor Plant Sub-Basement Smoke

54. Control Rods Shock Absorber Oil Level Low

Secondary System .

55. Sodium to Superheater Temperature High

56. Sodium from Superheater Temperature High

57. Sodium to Superheater Pressure High

58.. Sodium from Superheater Pressure High

59. • Sodium from Superheater Pressure Low

60. Sodium to Primary System Heat Exchanger Temperature High

61. Sodium from Primary System. Heat Exchanger Temperature High

62. Differential Pressure across Primary System Heat Exchanger

High

63. Sodium to Primary System Heat Exchanger Flow Low

64. Sodium Relief 1st Rupture Disk Open

65. Sodium Relief 2nd Rupture Disk Open

66. Sodium Relief System Flow

67. Sodium from Evaporator Header No. 1 Temperature High

68. Sodium from Evaporator Pressure Low
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76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Secondary System (Cont'd.)

69. Sodium to Evaporator Pressure Low

70. Sodium Purification System:

Temperature High

71. Sodium Purification System:
Temperature High

72. Sodium Purification System:
Trap Economizer High

Sodium to Cold Trap Economizer

Sodium from Cold Trap Economizer

Differential Pressure across Cold

73. Sodium Purification System: Sodium to Cold Trap Crystallization

Chamber Temperature High

74. Sodium Purification System: Sodium from Cold Trap Crystalliza-

tion Chamber Temperature High

75. Sodium Purification System: Differential Pressure across Cold

Trap Crystallization Chamber High

-Sodium Differential Pressure across Main a-c, EM Pump High

Sodium to Main a-c, EM Pump Pressure Low

Sodium from Main a-c, EM Pump Pressure Low

Sodium from Recirculating Pump Pressure Low

Sodium

Sodium

Sodium

Sodium

Sodium

Sodium

Sodium

Sodium

Sodium

Sodium

Steam System

from Recirculating Pump Flow Low

Surge Tank Level Low

Storage Tank Level High

Storage Tank Level Low

Storage Tank Recirculation Section Level Low

System Piping Temperature High

System Piping Temperature Low

Boiler Plant West Wing Main Floor Smoke

Boiler Plant West Wing Basement Smoke

Boiler Plant Eist Wing Smoke

90. Steam Drum Water Level High

91. Steam Drum Water Level Low
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Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Steam System (Cont'd.)

92. Feed Water to Steam Drum Pressure Low

93. Feed Water to Steam Drum Temperature High

94. Feed Water to Steam Drum Temperature Low

95. Steam Drum Pressure High

96. Steam Drum Pressure Low

97. Steam Drum Safety Valve Open

98. Superheater Outlet Steam Pressure Low

99-. 1250-lb Steam Header Pressure High

100. 1250-lb Steam Header Pressure Low

101. 1250-lb Steam Header Temperature High

• 102. 1250-lb Steam Header Temperature Low

103. 1250-lb Steam Header Safety Valve Open.

104. 1250-lb Steam Bypass Flow Low

105. Bypass Steam to Condenser-Steam Temperature High

106. Turbine Steam Flow Minimum

107. Turbine Exhaust Steam Temperature High

108. Turbine Turning Gear Power "OFF"

109. Turbine Gland Exhauster Power "OFF"

110. Turbine Hydrogen System Abnormal

111. Turbine Thrust Bearing Excessive Wear

112. Turbine Lube .011 Temperature High

113. Turbine Lube Oil Pressure Low

114. Turbine Hydraulic System Pressure Low

115. Turbine Oil Tank Oil Level High

116. Turbine Oil Tank Oil Level Low

• 117. Condenser Vacuum Low

118. Condenser Hotwell Water Level High

119. Condenser Hotwell Water Level Low
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Table K-1

SYSTEM-ABNORMALITIES CAUSING ALARM

Steam System (Cont'd.)

120. Condenser Cooling Water Flow Low

121. Condenser Cooling Water Inlet Temperature High

122. Condenser Cooling Water Outlet Temperature High

123. Condenser Cooling Water Pump No. 1 Power "OFF"

124. Condenser Cooling Water Pump No. 2 Power "OFF"

125. Cooling Tower Water Level Low

126. Condensate Storage Tank Water Level High

127. Condensate Pump "Motor Driven" Discharge Pressure Low

128. Condensate Pump "Motor Driven" Power "OFF"

129. Condensate Pump "Turbine Driven" Discharge. Pressure Low

130. Feed-water Pump "Turbine Driven" Discharge Pressure Low

131. Feed-water Pump "Turbine Driven" Auxiliary Oil Pump

Power "ON"

132. Feed-water Pump "Turbine Driven" Oil Pressure Low

133. Feed-water Pump "Motor Driven" Discharge Pressure Low

134. Feed-water Pump "Motor Driven" Auxiliary Oil Pump Power
"ON"

135. Feed-water Pump •"Motor Driven" Oil Pressure Low

136. Feed-water Pump "Motor Driven"Power "OFF"

137. Feed-water Specific Electrical Conductivity High

138. Feed-water Heater No. 1 Water Level High

139. Feed-water Heater No. 2 Water Level High

140. Feed-water Heater No. 2 Water Level Low

141. Feed-water Heater No. 3 Water Level High

142. Feed-water Heater No. 4 Water Level High

143. Flash Tank High-Pressure Water Level High

144. Flash Tank Low-Pressure Water Level High

145. Air Ejector Inlet Steam Prdssure Low

146. Vapor Extractor Power "OFF"
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Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Steam System (Cont id.)

147. Blowdown Specific Electrical Conductivity High

148. Make-up Water Specific Electrical Conductivity High

149. Startup Feed-water Pump Discharge Pressure Low

Electrical System 

150. 138-kv Tie Breaker Trip

151. Transformer No. 1: 13.8-kv Secondary Breaker Trip

152. Transformer No. 2: 13.8-kv Secondary Breaker Trip

153. 13.8-kv TREAT Feeder Breaker Trip

154. Transformer No. 3: 13.8-kv Primary Breaker Trip

155. Transformer No. 3: 2400-volt Secondary Breaker Trip

156. Transformer No. 3: Oil Temperature High

157. Transformer No. 4: 13.8-kv Primary Breaker Trip

158. Transformer No. 4: 2400-volt Secondary Breaker Trip

159. Transformer No. 4: Oil Temperature High

160. Transformer No. 5: 13.8-kv Primary Breaker Trip

161. Transformer No. 5: 480-volt Secondary Breaker Trip

162.. Transformer No. 5: Oil Temperature High

163. Transformer No. 6: 13.8-kv Primary Breaker Trip

164. Transformer No. 6: 480-volt Secondary Breaker Trip

165. Transformer No. 6: Oil Temperature High

166. Generator 13.8-kv Circuit Breaker Trip

167. Generator Differential Lockout Trip

168. 13.8-kv Bus Tie Breaker Trip

169. 13.8-kv Bus Section No. 1 Lockout Trip

170. 13.8-kv Bus Section No. 2 Lockout Trip

171. 13.8-kV Bus Section No. 1 UnderVoltage

172. 13.8-kv Bus Section No. 2 Undervoltage

291
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Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Electrical System (Cont'd.)

173. 13.8-kv Bus Section No. 1 Ground

174. 13.8-kv Bus Section No. 2 Ground

175. 2400-volt Secondary Sodium Pump Feeder Breaker Trip

176. 2400-volt Pump House No. .1 Feeder Breaker Trip

177. 2400-volt Pump House No. 2 Feeder Breaker Trip

178. 2400-volt Bus Undervoltage

179. 2400-volt Bus Ground

180. 480-volt Emergency Switchgear E-1 Feeder Breaker Trip

181. 480-volt Power Plant MCC-P2A Feeder Breaker Trip

182. 480-volt -Reactor Plant MCC-R1A Feeder Breaker Trip

183. 480-volt Laboratory and Service Building Feeder Breaker Trip

184. 480-volt Lighting Distribution Center E-2 Feeder Breaker Trip

185. 480-volt Power Plant MCC-P2B Feeder Breaker Trip

186. 480-volt Primary Tank Immersion Heater Feeder Breaker Trip

187. 480-volt Fuel Handling and Sodium Purification MCC-R3 Feeder
Breaker Trip

188. 480-volt Fuel Cycle Process Feeder Breaker Trip

189. 480-volt, Power Plant MCC-P1 Feeder Trip

190. 480-volt Sodium Boiler Plant Feeder Breaker Trip

191. 480-volt Fuel Cycle MCC-FIA Feeder Breaker Trip

192. 480-volt Control Rod Power "OFF"

193. 480-volt Emergency Bus MCC-R2A Undervoltage

194. 480-volt Emergency Bus E-1 Undervoltage

195. 400-kw Diesel Generator Fail to Start

196. 400-kw Diesel Generator 480-volt Breaker Closed

197. 400-kW Diesel Generator Cooling Water Temperature High

198. 400-kw Diesel Generatoi Lube Oil Pressure Low

199. 400-kw Diesel Generator Over-speed
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Table. K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Electrical System (Cont'd.)

200. 100-kw Diesel Generator Fail to Start

201. 100-kw Diesel Generator 480-volt Breaker Closed

202. 100-kw Diesel Generator Cooling Water Temperature High

203. 100-kw Diesel Generator Lube Oil Pressure Low

204. 100-kw Diesel Generator Overspeed

205. 125-volt, d-c Battery Bus Ground

Radiation Monitoring

206. Reactor Plant: Personnel Air Lock Door

207. Reactor Plant: Primary Tank Top

208. Reactor Plant: Secondary Sodium Line

209. Reactor Plant: Operating Floor, N. E. Wall

210. Reactor Plant: Thimble Cooling Exhaust

211. Reactor Plant: Argon Purification Cell

212. Reactor Plant: Argon Receiver Tank

213. Reactor Plant: Sodium Purification Cell Exhaust Fan

214. Reactor Plant: Shield Cooling Filters

215. Reactor Plant: Air Exhaust

216. Reactor Plant: Operating Floor Air

217. Reactor Plant: Sub-Basement Air

218. Fuel Cycle Facility: Air Exhaust Plenum

219. Fuel Cycle Facility Off-Gas System: Hold-Up Tank Discharge
to Stack

220.. Laboratory and Service Building

221. Sanitary and Industrial Waste Pump House:. Liquid Waste
Monitor

222. Main Suspect Stack Air Exhaust

293



294

Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Auxiliary System 

223. Process Instrumentation Continuous Power System Abnormal

a. Low d-c Supply to MG Set
b. Regulated a-c Output Voltage High
c. Regulated a-c Output Voltage Low
d. Regulated a-c Output Voltage Frequency High
e. Regulated a-c Output Voltage Frequency Low

224. Nuclear Instrumentation Continuous Power System Abnormal

a. Low d-c Supply to MG Set
b. Regulated a-c Output Voltage High
c. Regulated a-c Output Voltage Low
d. Regulated a-c Output Voltage Frequency High
e. Regulated a-c Output Voltage Frequency Low

225. Shield Cooling System: Exhaust Flow Low

226. Shield Cooling System: Recirculating Air Flow Low

227. Shield Cooling System: Normal Refrig. 40-ton Compressor
Power "OFF"

228. Shield Cooling System: Standby Refrig. Compressors No. 1 and
No. 2 Power "OFF"

229. Shield Cooling System: Normal Refrig. 40-ton Compressor
Suction Pressure Low

230. Shield Cooling System: Normal Refrig. 40-ton Compressor
Discharge Pressure High

Z31. Shield Cooling System: Normal Refrig. 40-ton Compressor
Suction Pressure High

232. Shield Cooling System: Normal Refrig. 40-ton Compressor
Lube Oil Pressure Low

Z33. Shield Cooling System: Recirculating Air Fan No. 1 Power "OFF"

234. Shield Cooling System: Recirculating Air Fan No. Z Power "OFF"

235. Shield Cooling System: Recirculating Air Temperature High

236. Shield Cooling System: Recirculating Air High Temperature
Switchover

237. Shield Coolint System: Exhaust Fan No. 1 Power "OFF"

238. Shield Cooling System: Exhaust Fan No. 2 Power "OFF"
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Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Auxiliary System (Cont'd.)

239. Thimble Cooling Air Temperature High

240. Thimble Cooling System: Exhaust Air Turbo-Compressor No. 1

Power "OFF"

241. Thimble Cooling System: Exhaust Air Turbo-Compressor No. 2

Power "OFF"

242. Thimble Cooling System: Branch A Air Exhaust Temperature

High

243. Thimble Cooling System: Branch B Air Exhaust Temperature

High

244. Thimble Cooling System: Branch A Air Exhaust Flow Low

245. Thimble Cooling System: Branch B Air Exhaust Flow Low

246. Reactor Plant Auxiliary Water Pump (for outside heat ex-
changers) Power "OFF"

247. Reactor Plant Purge Fan Power "ON"

248. Reactor Plant Operating Floor East Air-Handling Unit: Refrig.

Compressor Power "OFF"

249. Reactor Plant Operating Floor North Air-Handling Unit: Refrig.
Compressor Power "OFF"

250. Reactor Plant Outside Air Supply Fan Power "OFF"

251. Reactor Plant Operating Floor East Air-Handling Unit: Cond.
Fans Power "OFF"

252. Reactor Plant Operating Floor North Air-Handling Unit: Cond.
Fans Power "OFF"

253. Reactor Plant Outside Air-Condensing Unit Power "OFF"

254. Reactor Plant Operating Floor, East Air-Handling Unit: Fan.
Power "OFF"

255. Reactor Plant Operating Floor, North Air-Handling Unit: Fan
Power "OFF"

256. Reactor Plant Air-Handling Units: Outlet Air TeMperature Low

257. Reactor Plant Basement Air Cooling Fan Power "OFF"

258. Reactor Plant Sub-Basement Air Cooling Fan Power "OFF"

259. Power Plant High Bay Area Air Washer. Pump: Discharge
Pressure Low
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Table K-1

SYSTEM ABNORMALITIES CAUSING ALARM

Auxiliary System (Cont'd.)

260.

261.

Z62.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Suspect Stack Exhaust Fan Power

Instrument Air Pressure Low

"OFF"

Plant Air Pressure Low

Emergency between Personnel Air Lock Doors

Personnel Air Lock Outside Door Open

Personnel Air Lock Inside Door Open

Emergency Air Lock Inside or Outside Door Open

Equipment Air Lock Inside or Outside Door Open

Space-Heating

Space-Heating

Space-Heating

Space-Heating

Space -Heating

Space-Heating

Space-Heating

Space-Heating

Space-Heating
Level Low

Space -Heating

Potable Water

Potable Water

Potable Water

Boiler No. 1 Power "OFF"

Boiler No. 2 Power "OFF"

Boilers:

Boilers:

Boilers:

Boilers:

Boilers:

Boilers:

Boilers:

Boilers:

Feed-water Pressure Low

Light Oil Tank Level Low

Fuel Oil Tank Level High

Fuel Oil to Boilers Pressure Low

Demineralized Water Pressure Low

Steam Pressure Low

Emergency Fuel Oil Storage Tank

Feed-water Storage Tank Level Low

Tank Level Low

Tank Level High

Main Pressure Low

Water Treatment Chlorine Cylinder Weight Low

Plant Cooling Water Pressure Low

Sewage Pit Level High

Industrial Waste Pit Level High
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APPENDIX L

THE DRY CRITICAL EXPERIMENTS

The Dry Critical Experiments1,2 were zero power experiments

(<500 w) that were performed in the EBR-II Reactor prior to filling the

primary system with sodium coolant. The experiments were initiated on

September 18, 1961. The reactor achieved initial criticality on Septem-

ber 30, 1961, and the experimental program was completed on November 1,

1961.

The.Dry Critical Experiments provided a final pre-operational

"Proof Test" for the neutronic calculations and extrapolations pertaining

to the EBR-II. The experiments also provided a means of measuring

some parameters (localized spatial variations in power density, etc.)

which could not be measured on the EBR-II mock-up on ZPR-III.

The Dry Critical Experiments confirmed that the neutronics of the

EBR-U are well understood. The agreement between predicted and meas-

ured quantities surpassed expectations.

The reduction of uncertainties, through the performance of these
experiments, served to eliminate various development problems. For ex-
ample, the control rods were measured to be slightly more effective than
had been expected. This observation obviates the need for "special" con-
trol rods with poison followers. Similarly, observations demonstrate that
in-core instrumentation will not be necessary for the Wet Critical Experi-
ments. Adequate unmultiplied source flux counting rates can be obtained in
the normal shield instrument thimbles.

The experimental program included four distinct types of
investigations:

(1) Neutron source strength and related subcritical
instrument response.

(2) The' approach to critical and the Dry Critical
configuration.

(3) The neutron flux and power distributions.

(4) Reactivity measurements.

Detailed experimental results are given in Reference 2. The results are
briefly reviewed.
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1. Neutron Source and Instrument Response

Three Sb-Be neutron sources were available for the experi-
ments. Two "strong" sources were provided to.produce adequate subcritical

counting rates. One "weak" source was provided to permit low-power level

operation without source effects after the critical size was achieved.

Nine channels of low-power instrumentation were provided for

monitoring neutron flux. Seven of these were operative at all times. Five

of these seven were connected to the reactor shutdown circuit. All five

were set to trip on reactor periods shorter than 15 sec. Three of the five
were set to trip on power level greater than 1000 w. Table L-1 summarizes

the "unmultiplied" source response of the low power channels.

Table L-1

LOW-POWER INSTRUMENT RESPONSE

Channel
Counter
Type

Locations
Approximate
Unmultiplied

Counts/Minuteb

1 Fission J-1 260
2 Fission J-1 250
3 Fission J-2 220
A H. T. Fissionc 6-B-1 5450
B H. T. Fissionc 7-C-1 3180
C Abs. Fissiond 6-B-1 0
D Abs. Fissiond 7-C-1 0
E BF3 11-A-8 700
F BF3 13-B-8 280

aSee Fig. 54.

bReactor loaded with depleted uranium and dummy
steel subassemblies. (Central fuel subassembly
loaded and control rods "down.") Count rates
corrected to a neutron source having 190 curies
of Sb'activity.

cHigh-Temperature Fission Counter.

dAbsolute Fission Counter.

In addition, the three intermediate-power level (Channels 4, 5,
and 6) and the linear-flux level (Channel 7) instruments became operative
at about 5 w. The intermediate-power level channels were set to trip on
a 15-second period; the linear-flux channel was set to trip at -80% of
each manually adjustable range.
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The three high-power level safety channels showed significant

response only in excess of 100-watt reactor operation. The power-level

trip on these channels was set at —40 kw.

The unmultiplied source flux investigation suggested several

simplifications for the Wet Critical Experiments:

(1) In-core instrumentation will not be required if a

startup source having at least 500 curies of Sb activity is provided.

(2) It will not be necessary to provide clad ZrH in the

instrument thimbles for reactor startup.

(3) Elimination of ZrH permits the use of two high-

sensitivity BF3 counters in the J-2 and J-3 thimbles for low multiplication

flux monitoring.

(4) The Dry Critical operating experience demonstrates

that the strong startup source may be disassembled by remote controlled

methods (the antimony rod removed) and replaced by a weaker neutron

source after the critical loading has been achieved.

(5) The antimony rod may be stored in a suitable thimble

in the Outer Blanket, thus minimizing high-activity handling on the operating
floor.

Prior to unloading the fuel, two of the six channels (A and B)
of incore instrumentation were transferred to normal instrument thimbles
(with high-sensitivity BF3 counters) in the neutron shield (Channels G and

H). This procedure provided counters in the contemplated positions for

the Wet Critical Experiments. Counting rates observed while fuel was
being unloaded closely represent what will be observed during the Wet
Critical Experiments. Table L-2 summarizes the counting rates ob-
tained with the reactor —6% 1k/k subcritical (control and safety rods
down). The neutron source strength was —70 curies at the time of
measurement.

Table L-2 illustrates the overlap in startup counting rates
with the BF3 and fission counters.

It is to be noted that the instrument "thimble response experi-
ments in the dry reactor are essentially consistent with similar experiments
on the EBR-II Mock-up on ZPR-II119 for an "aluminum-cooled" reactor.
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Table L-2

COUNTING RATES WITH INSTRUMENTS
DISPOSED AS FOR WET CRITICAL EXPERIMENTS

(Reactor —6% zk/k Subcritical)

Channel
Counter

Type
Location*

Approximate
Counts/Minute * *

1 Fission J-1 1300

2 Fission J-1 1200

3 Fission J-2 1160

G BF3 J-3 9240

H BF3 J-2 8210

*See Fig. 54.

**Neutron source had —70 curies of Sb activity.

2. The Critical Approach and the Dry Critical Configuration

The reactor was loaded as described in Sections V.B. and V.C.

of Reference 1. The only deviation from this procedure was the use of

some smaller loading increments than given in Reference, 1. In addition,

a subcritical count was obtained before and after each subassembly was

loaded.

During the loading to critical, all of the pertinent reactor and

instrument components had to function simultaneously. The very small

amount of "down time" (-12 hr) during this two-week period attests to the

high degree of reliability built into the mechanical and electrical com-

ponents of the system.

The critical approach was governed by the nine channels of

low-power instrumentation. Subcritical count rates were obtained; inverse

count rates were plottedas a function of the total number of fuel subassem-

blies loaded into the reactor. No multiplication anomalies appeared during

the loading and all monitoring channels predicted essentially the same

critical reactor size. At no time did any of the channels predict a larger

critical size than was finally observed. (More complete data are given in

Reference 2.)

The reactor became critical with 87 fuel subassemblies, in-

cluding control and safety subassemblies (a total loading of 232.18 kg U235).

Criticality was achieved with ten of the twelve control rods fully raised

and the eleventh about 80% inserted. The reactor diverged on a period of

approximately 100 sec. The dry critical mass was 227.9 kg Uz35 (see

Reference 2).
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The dry critical mass is in substantial agreement with the

predicted core size of 85 plus 7 or minus 5 subassemblies.1,17 This is

very encouraging because the dry critical reactor had not been mocked

up on ZPR-III. The information pertaining to the dry reactor was in-

ferred from substitution experiments on the "aluminum-cooled" EBR-II

mock-up on ZPR-III with a critical mass of —165 kg U235.
9

3. Neutron Flux and Power Distributions 

Neutron flux measurements provided data relevant to the

power distribution and plutonium production in the radial reflector. The

effectiveness of the dry reactor neutron shield was investigated by meas-

uring the shield leakage flux.

Highly enriched and depleted uranium foils were irradiated in

three Outer Blanket locations. At each location, an axial distribution of

U235 and U235 fissions as well as of U235 captures was obtained. The foils

were irradiated at positions 8-D-4, 11-D-6, and 15-D-8 (see Fig. 54).

These experiments suggest that the neutron flux and thus the power pro-

duction in the very outermost rows of the Outer Blanket is about 15%

higher than had been predicted.

Special foil-bearing subassemblies were used to investigate

the details of the power distribution in the Inner Blanket. The investiga-

tion was oriented toward the determination of the spatial_variation of the

power density within a single Inner Blanket subassembly. The foils ,were

located on the "corner," "flat," and in the center of the hexagonal sub-

assembly. In each case an axial distribution of U235 and U238 fissions,

and U235 captures was obtained. Four arrangements of fuel and blanket

subassemblies around the foil-bearing blanket subassembly were studied

in detail:

a. Foil Subassembly in 7-C-4

This arrangement afforded the measurement of the power
distribution in a blanket subassembly facing the core. Row 6 was loaded
with fuel subassemblies. Rows 7 and 8 were loaded with blanket sub-
assemblies. The "corner" of the foil subassembly had two "flats" facing
fuel subassemblies. The significant result is the ratio of "corner" to
central power density, at the core midplane. The measured ratio of
1.56 agrees well with the predicted value.

b. Foil Subassembly in 7-D-1

This arrangement, when compared with the previous
measurement, provided quantitative information on the variation of neutron
flux along a hexagonal row of the core. Here, only one "flat" of the foil
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subassembly was facing a fuel subassembly in 6-D-1. The core midplane

ratio of the fission power in 7-C-4, to that in 7-D-1, was measured to

vary between 1.7 and 1.9, depending on the specific locations within the

foil subassembly.

c. Foil Subassembly in 7-F-5
•

A fuel subassembly was placed adjacent to the foil sub-

assembly in Row 7 (Position 7-F-4). With Row 6 containing fuel subassem-

blies, three "flats" of the foil subassembly faced fuel. The core midplane

ratio of "corner" to central power density did not exceed 1.56; however,

the "corner" to "flat" ratio of 1.3 measured here may be compared with

1.56 in subsection a above. In this experiment, the "flat" of the foil sub-

assembly faced the fuel subassembly in Row 7.

d. Foil Subassembly in 6-C-4

Here, a fuel subassembly was located on both sides of the

foil subassembly in Row 6. Thus four flats of the foil subassembly were

facing a fuel subassembly. The measured "corner" to "flat," and "corner"

to center power densities were 1.25 and 1.43, respectively.

The effectiveness of both the axial and radial graphite

neutron shield was determined by measuring BF3 counter response with

and without a cadmium sleeve. Three measurements were made at the

core midplane outside the radial neutron shield, while three other meas-

urements pertained to the axial shield in the reactor cover. In general,

it was found that the emerging neutron spectrum was softer than predicted.

This result suggests that predictions of secondary system sodium activa-
tion may be high.

4. Reactivity Effects

Table L-3 summarizes reactivity measurements pertaining to

fuel subassemblies, and control and safety rods. The agreement between

prediction and measurement is adequate. The two major implications of

these results are: (1) reactivity held by the control rods is adequate for

power operation; and (2) "special"- control rods are not required for power

operation.

The dry isothermal temperature coefficient was measured by

cooling the reactor to 58°F and then heating to 99°F. The temperature
difference of 41°F resulted in a 1.86-inch shift in control rod setting for

the critical reactor at fixed power. The measured dry isothermal tem-

perature coefficient is -2.6 x 10-5 (Lik/k)/°C. This may be compared to a

predicted valuer? of -1.8 x 10-5 (Alrik)/°C.



• Table L-3

REACTIVITY WORTH OF CONTROL AND SAFETY RODS

AND FUEL SUBASSEMBLIES

Effect Locationa

React ivity Effect,

0 AO

Measured Predictedb

Twelve Control Rods

Eleven Control Rods plus
one "Special" Control Rod 5-A- lc

4.33

4.54

3.84

<4.1

One Control Rod 5-B-3 0.37

One Control Rod 5-D-1 0.33

One Control Rod 5-F-3 0.39 0.32 (Average)

One Control Rod 5-B-1 0.32

One Control Rodd 5-D-3 0.36

Special Control Rod 5-A-1 0.58 <0.6

Two Safety Rods 3-A-1 0.94 1.1
3-D-1

Depleted Enriched
Subassembly 6-F-1 0.28}

0.3 (Average)

Depleted Enriched
Subassembly 6-D-3 0.39

aSee Fig.. 54.

bReference 1.

cSpecial Control Rod with BeC Follower.

dReactor was reloaded by replacing fuel with blanket subassemblies in

positions 6-D-3 and 6-D-4.

A prototype, vertical-motion oscillator rod was statically cali-

brated with 71 gm and with 129 gm BI°C. The experiments show that the

reactivity worth is linear as a function of axial displacement for at least

3 in. of stroke (1.5 in. amplitude) over certain ranges of rod insertion.
Such an oscillator rod.will provide sinusoidal reactivity amplitudes of not

less than 2.5 x 10-4% tk/k per gram of BeC in the rod.

303
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